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Abstract

The reactivity of cyclohexene on Au(111)-supported molybdenum carbide nanoparticles was studied using temperature-programmed desorptic
(TPD) and Auger electron spectroscopy (AES) techniques. The surfaces were prepared by reactive layer-assisted deposition (RLAD), in which M
metal is deposited onto ethylene adsorbed on a Au(111) surface, followed by annealing to 700 K. We have shown that gold encapsulates the Mo(
nanoparticles to some extent on annealing. This encapsulation can be removed by ion sputtering at room temperature. Although the sputter:
MoC,/Au(111) surface was very reactive toward adsorbed cyclohexene, the selectivity for partial dehydrogenation to benzene was very poo
(0.06), with most of the reacting cyclohexene decomposing to surface carbon and molecular hydrogen. In contrast, the Au-encapsulated MoC
nanoparticles exhibit low total activity, but very higk 0.95) selectivity for partial dehydrogenation to benzene, with no detectable decomposition
to surface carbon. The low overall reactivity and high selectivity of Au-encapsulated Bla@aces for partial cyclohexene dehydrogenation are
explained by gold selectively blocking high reactivity sites on the Mo(sters.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction lower for C/Mo(110) than Pt(111), the selectivity toward ben-
zene production as a gas-phase product is significantly higher
It has been documented that the early transition metal cafd7,18} By comparison, the Mo(110) pure metallic surface ex-
bides have catalytic properties similar to the Pt group metal§iPits high activity but very poor selectivity, with the dominant
[1-3]. In addition to being less costly, the transition metal car-'€action being complete decomposition of cyclohexene to sur-
bides can have additional advantages in terms of resistance ¢ carbon and molecular hydrogen.
poisoning and selectivity for certain reactions. One of the more VWhereas carburization of the pure metal surface leads to dra-

widely studied systems is molybdenum carbide, which has bedjatic changes in reactivity, further optimization may be attain-

shown to be an active catalyst in a wide variety of reactionsable by changing the surface structure and relative carbon/metal

including hydrocarbon conversidd—10], ammonia synthesis COMPOsition. Indeed, molybdenum carbide has a complex phase
[11], hydrodesulfurization and hydrodenitrogenatidr,13], diagram with bulk forms with varying M&C ratios and differ-

and the water—gas shift reactiglv,15] Chen and coworkers ent crystal structurefl9]. These include the stabl@—Moz_C .
have compared the reactivity of carbon-modified Mo(110) tc)(hexagonal close packed) phase and several nonstoichiometric,

Pt(111) surfaces for the selective dehydrogenation of Cycloheﬁlgh—temperature MoL. phases with both hexagonal and cu-

ene, a prototypical dehydrogenation reaction catalyzed by th ic structures. Surfaces of the carbide can also be carbon- or

noble metal$3,16,17] Although the activity per metal atom is metal-terminated, and npnstmchlometrlc Mpratios are .Of'
ten observed on carburized Mo surfaces. The reactivity has

also been found to depend strongly on the atomic composi-
* Corresponding author. Fax: +1 631 344 5815, tion and structure (surface and bulk), which in turn can be fur-
E-mail address: mgwhite@bnl.go(M.G. White). ther modified by thermal treatmef&,11,20,21] For example,
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a molybdenum carbide surface annealed to high temperatures Chemical reactivity studies presented here focus on the de-
(>1000 Ky with mostly subsurface (interstitial) carbon is ac- hydrogenation reactions of cyclohexene, which are prototypical
tive toward dissociation of ethylene and cyclopentene, whereasf hydrocarbon conversion reactions catalyzed by the metal
molybdenum carbide-containing surface carbon is inert to thesearbides[2—-10]. The reactivity and product distributions are
two compound$21]. found to be sensitive to the surface chemical composition of
Another approach to modifying the surface structure andhe MoC,; particles, which were modified by thermal treatment
chemical activity of materials involves their dispersion as parand sputtering of the topmost layers. The surface reactivity
ticles to yield high surface area catalysts. In general, sizend chemical composition were determined by a combination
effects and support interactions influence the electronic andf temperature-programmed desorption (TPD) and Auger elec-
atomic structure of metallic particles and can lead to signifitron spectroscopy (AES). The results of these measurements are
cant changes in activity relative to the bulk matef22]. For  used to extract quantitative branching ratios for the observed re-
molybdenum carbide, temperature-programmed reaction (TPRjctions and are compared with similar data from single-crystal
[2,15,23]and sonochemical methofl,24] have been used to surfaces of pure metals (i.e., Pt(111) and Mo(110)) and carbur-
prepare unsupported carbide catalysts in various crystal phaseed metals (C/Mo(110)). A key finding is that diffusion of Au
(B-Mo2C (hcp),a-MoCy_, (fcc), MopC (fcc)), with the small-  atoms onto the Mo nanoparticles during high-temperature
est particle sizes lying in the 2—7 nm range depending on thannealing dramatically changes their surface reactivity. The
preparation method. TPR has also been used to prepare c#ater is attributed to Au atoms blocking highly active sites that
bides on various supports, including,8l3, SiO,, and ZSM-  promote C—C bond breaking and results in surfaces that exhibit
5 zeolite [4,6,7,13,25,26] In general, the catalytic activities much higher selectivity for conversion of cyclohexene to ben-
of the dispersed catalysts are found to depend on the carbidene.
phase€[5,8,11]and are strongly influenced by the support ma-
terial [4,6,25] For example, the conversion of GHbver un- 2. Experimental methods
supported catalyst®g¢(Mo,C, «-MoCj_,) yields primarily hy-
drogen, ethane, and ethylene, whereas conversion over the sup-All experiments presented in this paper were performed in
ported M@C/ZSM-5 catalyst results in benzene formation with an ultra-high-vacuum (UHV) chamber with a typical back-
very high selectivity(~70%) [6,7,25] Although such experi- ground pressure of 2 10~1° Torr. The chamber was equipped
ments suggest the possibility of tailoring the catalytic activitywith quadrupole mass spectrometer (Hiden Analytical), Auger
of the dispersed carbides for specific reactions, key questiorgpectrometer (Physical Electronics), a metal evaporation source
remain concerning the nature of the surface active sites an@xford Applied Research), an atomic hydrogen source (Ox-
how they are influenced by the particle size and structure (bulkord), and a sputter gun (LK Technologies). A disk-shaped
and surface), surface chemical composition, and support inteAu(111) single crystal (10 mm diameter) was mounted on a
actions. liquid N2 cooled manipulator with two Ta wires that were also
In this work we present a reactivity study of molybdenumused for resistive heating. The sample temperature was mea-
carbide nanoparticles prepared on a Au(111) substrate that asdred by a K-type thermocouple in direct contact with the gold.
dresses a number of the important issues noted above: surfathe Au(111) surface was cleaned by cycles of sputtering with
chemical composition, thermal stability, and modification of Net (1 keV), followed by annealing at 850 K. The surface was
surface active sites. In this way, the present study is a stegletermined to be clean with AES. Mo was deposited on the
toward bridging the gap between surface science studies on ezample by PVD using the e-beam evaporator. Deposition rates
tended (flat) surfaces and high-surface area carbide catalysts. the evaporator were calibrated with a quartz microbalance.
The molybdenum carbide nanoparticles were prepared on th&ll of the substances (ethylene, cyclohexene, benzene, and cy-
Au(111) using reactive layer assisted deposition (RLAD), axlohexane) were deposited on the sample through a directed
recently detailed in a previous stuf®7]. The Au(111) sub- doser. Atomic deuterium was deposited using a thermal cracker,
strate was chosen for its ability to act as a nucleation templatehereby B was passed through an e-beam heated:ftated
for metallic nanoparticles and is sufficiently inert so as not tometal capillary directed at the sample. All TPD experiments
induce other surface reactions. In the RLAD method, molybwere performed with 2 Ks heating rate. A linear temperature
denum carbide nanoparticles are formed by the reaction of Meamp was provided by an electronic process control unit (Eu-
metal atoms deposited by physical vapor deposition (PVD) ontootherm). A shielded quadrupole mass spectrometer monitored
a reactive layer of ethylene that is physisorbed on the Au(111)ip to 10 ionic masses simultaneously.
substrate at low temperatute 100 K). This procedure results Atomic surface concentrations of elements were calculated
in the formation of small Mo€ particles (~1.5 nm), with  from peak-to-peak heights of Au (74 eV), Mo (190 eV), C
a temperature-averaged WD ratio of 12 + 0.2 [27]. Auger (275 eV), and O (510 eV) features in the AES spectra, assum-
spectroscopy shows that the surface composition is strongly dég that these were the only elements present at the surface.
pendent on annealing temperature with both carbon diffusiotynless stated otherwise, standard formula and AES sensitiv-
and Au atom migration occurring at elevated temperatures. Thigy coefficients were usef®9]. During the preparation of MoC
latter is similar to Au encapsulation of Mo metal nanoparticlesnanoparticles, oxygen contamination due to background water
deposited on a Au(111) substrate, as was recently demonstratedcthe chamber could not be avoided. Typical oxygen content of
in this laboratory[28]. the MoC/Au surfaces was 5%, and a typical carbon content was
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30% (i.e., an QC ratio of 1:6). It has been shown that oxygen spectrometer fotls-benzene at: /e = 84 as 1.00. It is further
modification of the C/Mo(110) surface does not cause qualitaassumed that the sensitivities for all deuterium substitutions of
tive changes in the surface reactivity with cyclohexene wherbenzene are equal at the'e of the parent molecule. Finally, the
the O/C ratio does not exceed 1f30]. relative sensitivity for D was extracted from a series of TPD
Liquid compounds (cyclohexene, benzene, and cyclohexanexperiments withdig-cyclohexene on MoC/Au surface. Both
were held in glass containers and degassed by multiple freez¢he benzene andDTPD peaks in these experiments originate
thaw cycles before use. Deuterium-substituted benzene, cfrom cyclohexene through a reaction with known stoichiome-
clohexene, and cyclohexane (Sigma—Aldrich) were used ttry (see the discussion &fig. 3 below). Thus we could relate
improve the signal-to-noise ratio for molecular hydrogen detecthe sensitivities for gDg at m/e = 84, taken as 1, and Dat
tion. The sample vapor of interest was introduced into a smally /e = 4, which was found to be equal 1.3.
backing volume at low pressure (typically, 100 mTorr) located
behind a UHV shutoff valve with limited conductance. A ca- 3. Surface characterization
pacitance manometer (MKS) was used to measure the sample
pressure in the backing volume to an accuracytGf mTorr. Nanoparticles of Mo¢ on the Au(111) surface were pre-
Dosing was accomplished by opening the shutoff valve to alpared using the RLAD technique as described in an earlier
low the vapor to leak into the stainless steel dosing tube for atudy[27]. In that work, Mo coverages o1 ML were used
prescribed period of time. The exit of the dosing tube had a difor the preparation of MoC/Au surfaces with a monolayer of
ameter similar to that of the crystéh10 mm and could be ethylene used as a source of carbon. Higher ethylene coverages
positioned<1 mm from the surface. Experiments confirmedwere not achievable, because the sample holder could not be
that deposition rates were consistent and had a linear depeoeoled to 79 K, at which temperature ethylene multilayers are
dence on the pressure of the gas in the backing volume. stable[35]. The present study is based primarily on TPD mea-
For analysis of the TPD data, the relative sensitivity of thesurements, for which reasonably high yields of surface reaction
mass spectrometer for different masses was needed to quantjfyoducts were needed. For this reason, higher Mo coverages
the yields of different desorption products. Three TPD exper{about 1.5 ML) were used along with a modified RLAD pro-
iments were performed with deuterated benzene, cyclohexeneedure to provide sufficient carbon concentrations. This pro-
and cyclohexane, in which the Au(111) surface was exposed toedure involves the deposition of three layers gHg (1 ML
each gas at 84 K under identical conditions (e.g., identical presach) alternating with two layers of Mo (about 0.7 ML each).
sure in the backing volume and exposure time). The conditionSurfaces prepared by this deposition method provided higher
used resulted in coverages somewhat greater than a monolay®nzene production yields compared with the other methods
for each compound to ensure saturation of the first layer. Theied, including those using butadiene and cyclohexene multi-
parent mass for each molecule was used in these TPD measutayers as the carbon source. (It should be noted, however, that
mentsim /e = 84 for GsDg, m/e = 92 for GsD1g, andm /e =96  optimization of the surface reactivity was not the aim of the
for CeD12. For each run, the areas for the single (mono)layeipresent work.)
and the total (single layer plus multilayer) TPD peaks were cal- Molybdenum carbide nanoparticles on the Au(111) surface
culated. The single layer and total TPD peak areas were used t@mprise a rather complex system. Previously, XPS and STM
calculate sensitivity coefficients independently, assuming thatvere used to investigate the composition and morphology of
the sticking was the same for each molecule. This assumptiooC, nanoparticles on a Au(111) substrf2€]. In the present
is reasonable, because the Au(111) substrate was kept at leasirk, AES was used to analyze the thermal evolution of fresh
50 K below the respective multilayer desorption temperaturedvloC/Au surfaces prepared by the deposition of alternating lay-
The experimental observations that each of tgen®lecules ers of ethylene and Mo, as well as MoC/Au surfaces that were
binds to the Au(111) surface in a “flat” configurati®l,32]  sputtered at 200 K to remove about one atomic layer. (Note that
and that the molecules are of nearly equal size suggest thhere the Au(111) surfaces with molybdenum carbide nanopar-
equal numbers of molecules will be adsorbed in the first layetticles are referred to as “MoC/Au” for simplicity, without im-
Complications could arise if the doser design resulted in variaplying exact 1:1 stoichiometry.)
tions in the deposition rate for the different gases (at otherwise Figs. 1a and lishow Mo/Au and G/Au atomic ratios cal-
identical conditions), such as differences in viscosity of the dif-culated from AES spectra for the Ma/8> layers on Au and
ferent substancg83]. Dynamic viscosities at the zero density sputtered MoC/Au surfaces that have been annealed for 1 min
limit (appropriate for 100 mTorr) of benzene and cyclohexendo progressively higher temperatures. For both surfaces, the ra-
extrapolated to 300 K can be found in the literature as 7.74 antios decrease for temperatures above 400 K. Th¢Adoand
6.93 pPas, respective]g4], and would result in only an 11% C/Au ratios fall from about 10 to 1 during the process of MoC
difference in deposition rates. cluster formation from a &H4 + Mo overlayer. This dramatic
The calculated relative sensitivities using both sets of TPOlecrease of the atomic ratios can be explained by the fact that
data differed by only 10%, which is considered a measure oéthylene and Mo form a continuous film during deposition that
their uncertainties. Sensitivity factors averaged over both methscreens the Au AES signal (apparent surface concentration of
ods were used for the quantitative analyses discussed belou at 100 K was 5%). At temperatures above 400 K, Mo and
These are 0.093 fafyg-cyclohexene ati /e = 92 and 0.48 for C atoms migrate on the surface to form 3-dimensional particles
dio-cyclohexane ati /e = 96, taking the sensitivity of the mass as reported previousf27], exposing areas of bare Au. The ap-
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1.54 . 300K Fig. 2. AES differential spectra in the C KLL peak region. The spectra taken
o 200K 403 K\ 500K from: (a) Mo C reference sample; (b), (c), (d), and (e) MdaCoH4/Au sur-
§ n/':’/ n 600 K face as prepared at 100 K and annealed to 200, 400, and 800 K, respectively;
: (f) MoC/Au surface sputtered at 200 K and (g) annealed to 800 K.
10 sputtered 700 K
' MoC/Au(111) 800 K atomic ratios and STM studi¢g8]. (In this work, the term “en-
—u— Mo/Au - . .\
—o—C/Au \ capsulation” is used to describe the addition of gold atoms onto
b)l | the MoC particle surfaces without implying the extent of the Au
coverage, for which we currently have no definitive measure.)
C/Mo AES ratio vs. 700 K 800K Analysis of the Mo atomic ratio inFig. 1c reveals a more
10 anneal temperature: sook. ™ subtle aspect of the thermal evolution of the MoC/Au surfaces.
’ 500K~ In both a freshly prepared €4 + Mo overlayer and a sput-
o 300K m . W tered MoC/Au surface, the Mo atomic ratio increases with
1.0 W o increasing annealing temperature. Two explanations for this
% 100K 299."-- ) P o phenomenon are possible. First, encapsulation by Au atoms
' ' -5 o may selectively occupy Mo sites (or Mo-rich sites) and screen
0-81 P the Mo AES signal. Second, the carbon concentration in the
"~ " sputtered MoC/Au(111) MoC nanoparticles may exceed its equilibrium value, causing
0,6__‘ | CyHy* Mo layers/Au(111) carbon precipitation on the _surface_of t_h_e n_anopartlcles. Both
%) processes have some experimental justification. We have shown

_ that gold spontaneously encapsulates Mo nanoparticles at tem-
AL(74 oV) (fled ymb0le) AES peak eight ratios ae a incton of anneal em P 2LUeS @bove 300 28], On the other hand, carbon encap-
perature. (a) Multilayer Mor CoHy surface prepared at 90 K. (b) MoC/Au sulation of gold partlclt_es has been observed in arc discharge
surface sputtered at 200 K. (c) C(275 eV)/Mo(190 K) AES peak height ratiod 36] and SEM[37] experiments. These observations suggest the
as a function of anneal temperature of a multilayer M8,H, surface (filed ~ following order of increasing surface energies of the elements:
symbols), and of sputtered MoC/Au surface (open symbols). C(graphite)< Au < Mo. This order is consistent with selective

occupation of Mo sites by gold atoms.
parent Au surface concentration rises to about 30%, and the The carbon concentration of the Mp@anoparticles can be
Mo/Au and G/Au ratios fall to about 1. estimated from AES spectra using the C KLL to Mo MNN
For the sputtered MoC/Au surface, the W and QAU ra- peak ratio, which is about 0.5 for an annealed MOC/AU(].].].)
tios decrease by a smaller factor2x) with annealing to high ~ Surface. For this surface, a/Mo atomic ratio is calculated
temperatureRig. 1b). Experiments also show that the N as 1.1:1.u3|ng st.a.nglard AE_S_ sensitivity coefficig@8] or as .
and C/Au ratios increase by a similar factor when an annealet%'&l using sensitivity coefficients taken from a separate cali-

surface is sputtered to remove approximately one atomic laye .rat|0n measurement. using a "”OV.V” le[csample. According
0 the Mo-C phase diagram, the highest achievable concentra-

We attribute these observations to the diffusion of gold atoms ¢ carbon in a stable compound corresponds o a ratio of

onto the surfaces of the MoC nanoparticles. As discussed bg-; [38]. Hence the excess carbon indicated by the AES mea-
low, this hypothesis is supported by the observation that the resyrements is likely to be present as a precipitate on the exterior
activity of a sputtered MoC/Au surface is very different before of the MoC nanoparticles.

anneali_ng and after annealing. Similar behqvior was reported in - Analysis of the carbon KLL Auger line shapes also supports
an earlier study of Mo nanoparticles deposited onto a Au(111jhe carbon precipitation hypothesis. Such analyses are often
surface[28]. Annealing of the Mo/Au(111) surface resulted in used in the literature to deduce the chemical state of c488n
gold encapsulation of the Mo particles that was verified by AESA1]. Fig. 2 shows a number of differential AES spectra around
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270 eV taken at different stages of MoC/Au surface forma-

tion. Spectrum (a) was obtained from a pbpowder sample g
and is shown here as a reference of purely “carbidic” state of §
carbon. Spectra (b)—(e) represent the formation of a MoC/Au . : C-GD;o/MoC/Au(111)
surface from a @H4 + Mo overlayer at various temperatures. §
In all of the spectra, the triplet of positive peaks “B,” which is i ] m/fe =4
considered a fingerprint of “carbidic” carb{eg,40), is clearly ' :
visible. This observation shows that carbide is the primary state W/\,w
of carbon at all stages of MoC formation. - ' :

More subtle changes in the carbon state can be inferred
from the line shape of the negative peaks (features “A"). As | mle = 92

the GH4 + Mo overlayer is heated to 400 K, the carbon

AES peak shape{g. 2d) becomes almost identical to that of

Mo,C (Fig. 2a). According to TPD studies, ethylene from the

CoH4 + Mo overlayer completely decomposes (i.e., hydrogen c-GD,/Au(111)
desorption stops) at 400 R7]. At this temperature, we would / m/e = 92
expect the surface to contain amorphous Maf{tisters with all

carbon in the carbide form. On annealing to 800 K, the carbon

AES line shape changes and becomes similar to the line shape - : CoDs/MoC/Au(111)
of near-graphitic carbon on a Ni(111) surfd88]. It has pre- | e e m/e = 84

QMS signal, a.u

viously been shown that carbon becomes mobile in bulk Mo |

metal above 700 K21]. We propose that the observed line f)/\\ D*/MoC/Au(111)
shape change (d)> (e) in Fig. 2is due to surface segregation l -~ x0.1 me=4
of carbon on the MoC nanoparticles. Sputtering the top layer —T T T T —— T
of the MoC/Au surface changes the carbon line shape back to a 100 200 300 400 500 600 700
purely “carbidic” form Fig. ), and annealing to 800 K returns Temperature, K

the partially “graphitic” featuresHig. 2g). These observations
can be interpreted as removal of surface “graphitic” carbon byrig. 3. (2)—(c) TPD spectrum from ceD;o-exposed annealed MoC/Au(111)
sputtering and reprecipitation of carbon on annealing. Repre-face. lonic signals corresponding to () tb) CsDs, and (c) intact c-gD1o

initation i ible b d t t articl are shown. TPD spectra (d)—(f) are shown for reference: (d) molecular desorp-
cipitation is possible because we do not expect Mparticles tion of c-GgD1g from Au(111) surface (plotted in two scales); (e) molecular

to reach thermodynamic equilibrium after annealing to 800 K gesorption of GDg from annealed MoC/Au(111) surface: (f) recombinative
Such equilibrium in the bulk Mo sample was achieved only ondesorption of B from annealed MoC/Au(111) surface.
annealing to 1150 K21].

The precipitation of surface carbon is primarily a result ofing to AES measurements, the surface contained 30% Mo and
the high carbon content of the MoC particles prepared by th@39% C. The other spectra Fig. 3, (d)—(f), are shown for refer-
RLAD method using multiple layers of ethylene. As reportedence; curve (d) is the desorption of cyclohexene from a clean
in our earlier studies, MoC/Au surfaces prepared by Mo deAu(111) surface, curve (e) represents desorption of benzene
position on asingle, physisorbed layer of ethylene exhibited a (C¢Dg) from a MoC/Au surface, and curve (f) is desorption of
smaller Mo ratio (1.0+0.2) thatdecreased at higher anneal- D, from a MoC/Au surface exposed to D atoms. Intactg®g
ing temperature$>600 K). This affect was attributed to the desorption from the MoC/Au surface shows two peaks, at 140
diffusion of surface carbon into the bulk of the MoC particles,and 210 K, and a wide shoulder between 140 and 320 K (see
consistent with the behavior of other carburized Mo surfacegsurve (c),Fig. 3). These two peaks are identified as multilayer
with carbon content below saturatio@/Mo < 1.0). and monolayer desorption of cyclohexene from gold areas of

To summarize, we believe that thermal treatment of thehe MoC/Au surface, because the temperatures of these two
MoC/Au surfaces can result in both preferential Au encappeaks match the respective desorption temperatures from clean
sulation of Mo-reactive sites and carbon precipitation on theau(111) (curve (d) inFig. 3) [32]. The broader width of the
surface, or in diffusion into the bulk, depending on initial car- monolayer desorption peak for the MoC/Au surface compared
bon concentration. A more detailed analysis would require thevith the clean Au(111) surface probably arises from defects on
use of experimental techniques that are only sensitive to thghe open Au areas resulting from presence of MoC particles.
surface structure or composition, such as inelastic ion scatter- Desorption of B and benzene occur at 320 and 330 K, re-

Ing. spectively (curves (a) and (b) Fig. 3), and result from partial
dehydrogenation of cyclohexene on the MoC/Au surfaces, that
4. Surfacereactions is,
c-CsD1o(ads)— CeDg(9) + 2D2(9). 1)

A typical TPD spectrum from a MoC/Au surface with
slightly more than 1 ML of deuterated cyclohexene B&o) The simultaneous desorption of the two products suggests
deposited at 85 K is shown by curves (a)—(cFig. 3. Accord-  reaction-limited kinetics for this reaction. This conclusion is
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in two wide overlapping peaks with maxima at 280 and 400 K
(curve (a)Fig. 4). The only other desorption products observed
were benzene and cyclohexane, with TPD peaks at 290 and
220 K, respectively (curves (c) and (djig. 4). It should be
mentioned that in the process of sputtering, the surface adsorbs
significant amounts of hydrogen, probably from an increased
H, background that results from the hot filament of the sputter

c-CD,, on sputtered
MoC/Au(111)

mle=4

QMS signal, a.u
5

3) m/e = 92 gun. Adsorbed hydrogen manifests in End HD desorption
o) mle = 84 peaks, nearly coincident with the firsp[peak at 280 K, and in
G M H/D isotope scrambling in desorbing benzene and cyclohexane.
m/e = 95 For example, the TPD curve for mass 83 amyiéH) was
Y, identical to the TPD curve for mass 84 amus[¥g) shown in
C.H, on sputfered o) curve (c) ofFig. 4, put at approximately half the iptensity. Cy-
i MoC/Au(111) m/e = _clohex_ane deso_rptlon_at 220 K was also found in several H/D
: isotopic forms, including gD12, CeD11H, and GD1oH2, all
e) : \ of which exhibited the same TPD curve as the most abundant

product, GD11H, shown in curve (d) oFig. 4.
] i The reaction/desorption processes resulting from cyclohex-
f) SN m/e =78 ene on a sputtered MoC/Au surface can be interpreted by com-
] / parison with TPD spectra from an identical surface exposed to
benzene (gHs). These are shown in curves (e) and (ffFig. 4.
To facilitate comparison, only the TPD data for nondeuterated
Temperature, K benzene are shown, because hydrogen desorption is not isotopi-
Fig. 4. TPD spectra from c.¢byo-exposed (2)(d) andgBlg-exposed (€)() cally scrambled into @gnd HD componentg (although the_TPD
sputtered MoC/Au(111) surface. lonic signals corresponding to $aJi) in- _peak_s for Q(HD resultlng from @D reaction are essentla”y
tact c-GsD10, (€) CoDe, (d) c-GsD11H, (€) Hp, and (f) GsHg are shown. identical). It is seen that benzene desorbs from surfaces exposed
to cyclohexene or benzene at identical temperatures of 290 K
fcurves (c) and (f)). The molecular hydrogen desorption peak
from the benzene-exposed surface (curve (e)) is very similar in
both temperature and area to the higher-temperature (400 K)
deuterium desorption peak from the surface exposed to cyclo-

The high temperature shoulder of the g8, molecular hexene (curve (a)). The calculated areas of these two peaks

I 0, i -
desorption spectrum abruptly terminates very near the desordlffer by <20%. Note that curves (a) and (€)Fiig. 4are plot

: . .?éd on the same scale, and the higher noise level in curve (a) is
tion temperatures for benzene and deuterium (310 K). Th'?elated only to high background levels of hydrogerye  2)

observation may seem fo suggest a direct relationship b(?r'l the vacuum chamber, as opposed to a virtually zero back-

tween molecular and dissociative desorption processes on t found of deuteriuntm /e = 4). This comparison suggests that
MoC/Au surface; that is, the molecular desorption terminate '

. for cyclohexene on a sputtered MoC/Au surface, the benzene
exactly because the cyclohexene remaining on the surface b%ak at 290 K and the higher temperatured2sorption peak

depleted through the dissociative desorption. In fact, the desorpy 400 K originate from adsorbed benzene intermediates. The
tion of cyclohexene from Au(111) exhibits an almost ide”ticalIower-temperature deuterium TPD peak at 280 K can then be
desorption shoulder (full-scale curve (d) kng. 3). Thus the  5itripyted to the recombination of adsorbed deuterium atoms
shoulder probably originates from surface defects present Oyoduced in the process of cyclohexene conversion to the ben-
both the Au(111) and the MoC/Au surfaces, such as steps Ofene intermediate. The overall process can be given as the fol-

T T T T T T T T T T T
100 200 300 400 500 600

consistent with the observation that both molecular desorptio
of benzene (curve (e)ig. 3) and recombinative desorption
of deuterium (curve (f)Fig. 3 occur at lower temperatures
(<320 K).

the Au(111) substrate. lowing sequence of reactions:

As noted in the previous section, when the MoC nanopat-
ticles are in an equilibrium state on the Au(111) surface, they-CéD10 — CeDe(ads + 4D(ads, 2
are encapsulated by gold. To explore the influence of the ereD(ads — D-(g) at 280 K (3)
capsulation on reactivity, a number of TPD experiments WereCﬁDe(ads) — CeD6(Q) at 290 K (4)

performed with a MoC/Au surface that was sputtered briefly at

200 K to remove about one atomic layBig. 4, (a)—(d) shows and

TPD curves from a sputtered MoC/Au surface with slightly cuDg(ads)—> 6C(ads)+ 3Da(g)  at 400 K. (®)
more than 1 ML of c-GD1p adsorbed at 85 K. The lower

temperature peaks at 140 K for product masses at 92, 4, ar'll'dwe observation of cyclohexane desorption at 220 K is appar-

84 amu are ion fragments associated with multilayer desorp@mIy also induced by adsorbed deuterium atoms produced in

tion of molecular cyclohexene (electron-impact fragmentatior{eacuon(z)’
in the mass spectrometer ionizer). Molecular deuterium desorlisCsD1g(ads)+ 2D(ads)— ¢c-CgD12(g) at 220 K. (6)
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Fig. 6. TPD spectrum (I) from an annealed MoC/Au(111) surface exposed to
Fig. 5. TPD spectra from an annealed MoC/Au(111) surface dosed with varyingtomic deuterium and then to gsD1o. For comparison a TPD spectrum (II)
coverages of c-gD1g. from the same surface exposed only toglgg is shown.

At the beginning of reactioii2), the surface is saturated with sites on the surface. In addition, the benzene ando®aks
adsorbed cyclohexene (eDBi0). A surface deuterium atom do not grow with increasing initial cyclohexene coverage. The
has a higher probability of association with cyclohexene (relow-temperature shoulders that appear at higher coverages in
action(6)) than of association with another surface-bound deusignalsm /e = 4 and 84 originate only from ionic fragmenta-
terium (reactior(3)). As the surface population of cyclohexene tion of molecular cyclohexene. This demonstrates that only a
is depleted in the temperature range 200-250 K by both itsmall fraction(<10%) of an adsorbed monolayer dissociates
conversion to benzene and its desorption as cyclohexane, tlw the MoC/Au surfacefig. 5 also clearly shows that cyclo-
probability of reactior(6) drops, and molecular deuterium des- hexene is bound more strongly on MoC sites than on Au sites
orption (reaction(3)) becomes the dominant process. and that cyclohexene is sufficiently mobile at 200 K to selec-
Results of TPD experiments (not shown) with cyclohex-tively occupy all of the available sites on the MoC patrticles.
ene dosed on bare Mo nanoparticles deposited on a Au(111) The experiment presentedfiig. 6was meant to explore the
substrate were very similar to those shownFHig. 4 The formation of cyclohexane from cyclohexene on MoC/Au sur-
Mo/Au(111) surface was prepared by PVD of molybdenum orfaces. Here the TPD spectra marked with (I) were obtained in
a Au(111) surface at 300 K. The temperature of the substratan experiment where an annealed MoC/Au surface held at 85 K
during Mo deposition was chosen to minimize gold encapsulawas exposed to atomic deuteriumX L), then to 1 L of cy-
tion of Mo while also minimizing the hydrogen content of the clohexene (c-gD1¢g). The spectra marked with (ll) are used as
Mo nanoparticle$28]. Nonetheless, extensive H/D scrambling a reference and were taken from the same surface exposed to
was observed with otherwise identical desorption products as L cyclohexene, with no exposure to atomic deuterifig. 6
seen for the sputtered MoC/Au surface exposed tg21G: In shows that the presence of atomic hydrogen (deuterium) does
a separate experiment, Au-encapsulated Mo nanoparticles omat influence the amount of cyclohexene that undergoes disso-
Au(111) surface were found to be completely unreactive for cy<ciation on the surface, because the peaks at 320 K in spectra
clohexene. (I) and (1) have approximately the same area for both benzene
Desorption experiments presentedrigs. 5 and Grovide  (m/e = 84) and deuteriunim /e = 4). The Dy desorption peak
additional information on the nature of cyclohexene reactivityat 150 K from the surface exposed to D atoms has an identical
on the MoC/Au surfacerig. 5shows TPD results for varying temperature to, but only/2 the intensity of, a MoC/Au surface
cyclohexene (c-gD10) coverages on the MoC/Au surface (Au- that is saturated with D atoms (curve (f) ig. 3). Desorp-
encapsulated). It can be seen that at coveraged ML, all tion of cyclohexangm/e = 96) was observed at 180 K from
cyclohexene is converted to benzengldg) and D> (signals the surface exposed to atomic deuterium (l), but the intensity
m/e = 84 and 4, respectively). At higher initial cyclohexene of the peak was about/3 that of the sputtered, cyclohexene-
coverages, the intact cyclohexene desorption peak appearsexposed MoC/Au surfacé{g. 4), despite an abundance of sur-
210 K, which we previously assigned to desorption from Auface D atoms. This indicates that recombination of surface hy-
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drogen (reactioi3)) is a more likely process than cyclohexane consistent with the implications of the coverage dependence
formation (reaction6)). This is consistent with the argument experiment shown ifrig. 5 The fraction of cyclohexene that
given earlier that the formation of cyclohexane from a sputteregbartially dehydrogenates to benzene is surprisingly similar for
MoC/Au surfaceFig. 4) ceases when the cyclohexene coveragehe annealed (Au-encapsulated) and the sputtered MoC/Au sur-
becomes low enough to hinder surface D (H) atom diffusion. faces. This result indicates that the increase in surface reactivity
due to sputtering does not lead to an increase in active sites for
5. Quantitative analysis selective dehydrogenation.
The values obtained from our calculations for the total
Further details of the cyclohexene reactions on MoC/Au suramount of cyclohexene in single layers on the annealed and the
faces can be derived from a quantitative analysis of the TPBputtered MoC/Au surfaces differ by20%. This is a reason-
data, beginning with the sputtered MoC/Au surface shown irable result, because HREEL studies have shown that on both
Fig. 4 (a)—(d). Using the integrated areas of the hydrogen (deuAu(111) and C/Mo(110) surfaces, cyclohexene molecules lie
terium), benzene, cyclohexene, and cyclohexane peaks (aloffigt or nearly flat on the surfadé7,32] Thus we would expect
with the mass spectrometer relative sensitivity factors discussetie cyclohexene single layer coverage on a MoC/Au surface to
in the Experimental section) it is possible to conduct a completée the same regardless of its atomic composition. The desorbing
mass balance of the elements (carbon and deuterium) for th@roducts from these two surfaces are very different, however
reactions on the surface. Interference of the surface hydrogeseeFigs. 3 and ¥ and these data were not used for determin-
deposited during sputtering of the MoC/Au surface was alsang the mass spectrometer sensitivity coefficients (obtained by
accounted for in these analyses. Defining the amount of cycldhdependent calibration experiments). Therefore, the similarity
hexene left on the surface after desorption of the multilayer (i.e 9f the single-layer coverages calculated for the sputtered and
a single layer) as 100%, we found that 35% of the cyclohexenannealed MoC/Au surfaces is an independent confirmation of
completely decomposed to surface carbon and(i@actions the quantitative analysis methodology used here.
(2), (3), and (5)), 4% of the cyclohexene partially dehydro-  In the analysis of the TPD data shownHig. 3, the molecu-
genated to desorb as benzene (reactf@ghand(4)), 20% of the  lar cyclohexene desorption peak at 200 K (spectrum (c)) is as-
cyclohexene hydrogenated to form cyclohexane (rea¢6®,  signed to desorption from exposed Au(111) areas of the surface.
and 30% of the cyclohexene desorbed intact. Complete decorBy comparing the area of this peak to that of the monolayer
position of cyclohexene should deposit carbon on the surfacelesorption peak of cyclohexene from the clean Au(111) sur-
Indeed, after the TPD experiment presented=ig. 4, AES  face (spectrum (d) ifrig. 3), we estimate the fractional area of
measurements showed a 12% increase in the surface carbopen Au(111) in our MoC/Au sample to be about 14%. This is
concentration. consistent with elemental surface composition derived by AES:
According to our hypothesis, the first;esorption peak 30% Mo, 33% C, and 27% Au. However, the AES data cannot
at 280 K for cyclohexene reacting on the sputtered MoC/Augive a reliable estimate of the exposed Au(111) surface area, be-
surface (denoted by I) is caused by partial dissociation of cycloeause the Au AES peak includes contributions from Au atoms
hexene to benzene, and the second peak at 400 K (denoted byblow and on top (i.e., encapsulation) of the MoC particles.
corresponds to complete dissociation of the benzene intermedi- Pertinent to the motivation of the present work is the de-
ate. If this hypothesis is correct, then the peak ll/peak | areéermination of the selectivities of the MoC/Au surfaces for
ratio should be equal to 3:2 (or 1.5). In calculating the areas ofyclohexene conversion to benzene versus complete decompo-
these two TPD peaks, we included both &d HD desorption  sition. From the TPD data on the sputtered MoC/Au surfaces
spectra, assuming equal sensitivity of the mass spectrometéseeFig. 4), molecular hydrogen (deuterium) resulting from
atm/e = 3 and 4. To maintain the relative 3:2 stoichiometry the complete dehydrogenation of cyclohexene (reactih
of two desorption peaks, contributions from produced with  evolves at temperatures above 400 K. This is also true for the
benzene in reactiofl), and > consumed by cyclohexane for- cyclohexene-covered Mo(110) and ti#ex 4)-C/Mo(110) sur-
mation in reaction(6) were removed and added, respectively,faces, from which hydrogen desorbs with TPD peak maxima at
to the area of peak |. These contributions were calculated from17 and 446 K, respective[{t7]. In contrast, very little 3 de-
benzene and cyclohexane peak areas and their relative sensorption is observed above 400 K from the annealed MoC/Au
tivity factors. The peak ll/peak | ratio iffig. 4 was found to  surface Fig. 3, spectrum (a)). The small, nonzer@ Besorp-
be equal to 1.3. Averaging over four independent experimentson signal in this temperature range most likely originates from
resulted in a value of .6 &+ 0.3, which is consistent with the background gas in the chamber after the majerd@sorption
proposed reaction mechanism. The relatively large uncertaintgeak at 320 K, which is not completely removed because of
of the calculated peak Il/peak | ratio is related to the subjectiviimitations in pumping speed. Nonetheless, the integrated tail of
ity in determination of the baseline and in the separation of thé¢he D, signal above 400 K was used to estimate the maximum
two TPD overlapping peaks. possible extent of complete dissociation. A comparison of this
Similar quantitative analysis of the TPD data presented irintegrated area to that of thedesorption peak at 320 K, shows
Fig. 3shows that on the annealed MoC/Au surface, only 4% of ahat no more than 5% of the benzene formed from cyclohex-
cyclohexene single layer partially dehydrogenates to form berene dehydrogenation undergoes complete decomposition. AES
zene at 320 K. The remaining 96% of the single layer desorbsould not give a more precise estimate of this value, because
as cyclohexene without chemical transformation. This result ishe maximum change in the surface carbon concentration due
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to carbon deposition during a single TPD experiment would besomewhere else on the surface before it starts to lose its own
<0.1%, far below the accuracy of our AES measurements.  hydrogens.
It has been shown that annealing of the as-prepared or sput-
6. Discussion tered MoC/Au surface to temperatures at or above 700 K results
in Au encapsulation of the MoC nanoparticles. This Au encap-

sulation causes a radical change in the surface reactivity. Al-

In general, the reactivity patterns of cyclohexene on the bar o
(sputtered) MoC nanoparticles on a Au(111) support are Sim"aﬁwough the overall reactivity of the encapsulated MoC clusters

to those observed on Pt(111) and C/Mo(110) surfaces. A ddS significantly lower than that of the bare clusters, the selectiv-
tailed TPD/XPS study on Pt(111) reported that about 3'7% o ty for the partial dissociation of cyclohexene is exceptionally

a cyclohexene single layer desorbs intact, 22% partially deh)%?g ’aV:éthngt>ag'%E;nAszpt?]rerE/’ égg?g:al\ﬁz ?]g:;epel;/lr;;g;)us—

drogenates with benzene formation, and the remaining 41% . . T
ecause a separate experiment did not show any chemical in-

completely decomposefd8]. A TPD study has shown that teraction between cyclohexene and an annealed Mo/Au(111)
cyclohexene on a C/Mo(110) surface completely decomposes

with ~33% selectivity and partially dehydrogenates to benzen Surface. Gold appears to selectively block sites of higher re-

. - . %ctivity on the surfaces of the MoC nanoparticles, making the
with 67% selectivity| 16]. According to the same study, 100% urfaces still active for aliphatic C—H bond breaking but pas-

. S
of the cyclohexene single layer decomposes completely on thseive for C—C or olefinic C—H bond breaking (at the temperature
Mo(110) surfac¢16]. of benzene desorption). A similar passivating effect of Au was

. Generally, the selectn_nty of a chemical process plays a MOrGhserved in the case of hydrocarbon steam-reforming catalysis
important role in catalysis than the overall reactivity. For an ob—On supported Ni nanoparticléé2,43] The addition of small

jective comparison of different surfaces, we consider only the, s of Au to Ni significantly reduced carbon deposition
cyclohexene that participates in dehydrogenation (either partighsos o the surface of the catalyst; this effect was attributed

or complete) and use the fraction of this amount that partiaII){0 Au atoms blocking the reactive sites (edges and kinks) on
dehydrogenates to benzene.as a parameter reflecting the se- y,q gyrface of the Ni nanoparticlg$3]. In general, minimiza-

lectivity of the surface reaction. Accordingly, =0 for the 5 of carbon deposition on a catalytic surface is an important
Mo(110) surface, which is typical for early transition metals. 4o in catalyst design because, under conditions of a continu-
Formation of an interstitial carbide significantly passivates thg, s process, carbon buildup results in decreased reaction rates.
surface (i.e., makes it more selective for the partial dehydrog g this point of view, the MoC/Au system demonstrates a
genation):y = 0.7 for C/Mo(110) surface. Oxygen modifica- ¢jear advantage for the partial dehydrogenation of cyclohexene
tion of the C/Mo(110) surface at 900 K brings this parameter.ompared with both Pt(111) and C/Mo(110) surfaces.
to y = 0.4 [30]. From our datay = 0.06 for the sputtered In terms of the mechanism of cyclohexene dehydrogena-
MoC/Au surface, which is surprising given the highefM®  {ion the Au-encapsulated MoC/Au surface is very similar to
ratio of 1.1 observed by AES in our experiments compared; carbided Mo(110) surface. Benzene evolves from a cyclohex-
with about 0.4 for the C/Mo(110) surfa¢0]. We explain the  ane exposed4 x 4)-C/Mo(110) surface at 327 K—practically
higher reactivity of the sputtered MoC/Au surface by its nano-gentical to the 330 K observed in our experimefdtg]. It has
texture. Molybdenum carbide forms compact clusters on thyso been concluded that the desorption of benzene from the
Au(111) surface of typical length scale of 5 &V]. As are- (4 x 4)-C/Mo(110) surface is aeaction-limited procesg17].
sult, MoC has many exposed low-coordination Mo sites that ar¢n the case of the Au-encapsulated MoC/Au surface, we can
responsible for more aggressive bond breaking compared withhake a more specific conclusion from our TPD experiments:
an atomically flat C/Mo(110) surface. The rate-limiting step of reactiofl) must be the abstraction of
The formation of cyclohexane from cyclohexene has nothe first hydrogen from the cgD1g molecules, with the other
been observed on any of the single-crystal surfaces. The preghree deuterium atoms breaking off in fast steps. If the step
ence of this unique reaction pathway on the sputtered MoC/Ag-CsD1o(ads)— c-CsDg(ads)+ D(ads) occurred below 320 K,
surface is explained by significant local inhomogeneity of thethen we would observe ajflesorption peak at this lower tem-
surface. By this, we mean the coexistence of MoC and Au(111perature, because recombinative desorption of D atoms from
areas in immediate proximity, as shown by scanning tunnelinghis surface was observed at 150 K ($ég. f)). The surface
microscopy[27], and variation in local atomic composition of reaction of cyclohexene on a Pt(111) surface gives an example
the MoC clusters, as implied in our discussion of carbon surfacef the opposite—desorption limited—kinetics[18]. Cyclohex-
segregation (see Secti@). It can be envisioned that cyclo- ene at submonolayer coverages dissociates into benzene and
hexene molecules dehydrogenate on more-reactive sites, witlomic hydrogen on the Pt(111) surface below 275 K, whereas
the abstracted hydrogen atom binding to a cyclohexene molégnolecular hydrogen and benzene desorb at 365 and 500 K, re-
cule located on a less-reactive site, ultimately leading to thepectively[18].
desorption of cyclohexane. This process would not be likely
on any atomically homogeneous surface, because the onset af Conclusion
dehydrogenation occurs at the same temperature for all of the
adsorbed cyclohexene molecules. Itis highly unlikely that a cy- Molybdenum carbide nanoparticles were prepared on a
clohexene molecule can capture two hydrogen atoms producekli(111) support by depositing alternate layers of ethylene and
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