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Surface Chemistry of CHsBr and Methyl Modified by Copper Deposition on Ru(001)
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The chemistry of methyl bromide on Cu/Ru(001) has been studied utilizing work function chagyertd
temperature-programmed desorption (TPD) measurements. The remarkable modification in the methyl
fragments dehydrogenation at the completion of a single copper layer and the significant difference in reactivity
of the Cu(2 ML)/Ru(001) or Cu(111) surfaces are the focus of this study. A decrease in work function at the
completion of 1 ML CHBr of 2.15+ 0.02 eV and 1.33: 0.05 eV was measured, respectively, for Ru(001)

and Cu(2 ML)/Ru(001) held at 82 K. Methyl bromide does not dissociate upon adsorption on clean or the
copper-covered surfaces, and it is bound with the bromine down. Copper modifies the reactivity of the Ru
substrate, gradually decreasing the dissociated fraction @gBCtom 0.55 of the initial one monolayer on

clean Ru(001) to 0.06 on Cu(2 ML)/Ru(001), probably because of defects in the copper layer. The methyl
fragment dehydrogenation rate slows as the copper coverage increases. At a narrow copper coverage range
between 0.8 and 0.95 ML, adsorbed hydrogen and methyl fragments coexist on the surface in the temperature
range 236-280 K. Sequential decomposition channels of the parent molecules and the methyl fragment lead
to a unigue enhancement of methane production rate, this on the account of further hydrocarbon
dehydrogenation, as reflected in batlp and Ap TPD measurements. Methane is formed on top of copper
terraces as a result of “spill-over” of both methyl and hydrogen atoms, similar to the chemistry over Cu(111)
and Cu(110) single-crystal surfaces. The dipole moment of adsorbed methyl is reported here for the first time
on metal surfaces, being 0.48 D on top of Cu(2 ML)/Ru(001).

I. Introduction X-ray photoelectron spectroscopy (XPS) studies of Cu/Rui601)
o ) ) as in other bimetallic systen&

Interesy in bimetallic catalysts had be(_an motivated by the By use of scanning tunneling spectroscopy (STM), the
commercial success of these systems. This success results frof, o ified electronic structure was found to induce perturbations,
the improved ability to control the catalytic activity and \yhich extend up to 50100 A away. They are observed at the
selectivity by tailoring the catalyst's composition. One of the step edges or adatoms that may alter adsorbate binding energy
most extensively investigated bimetallic systems is CWRu. 4,4 generate new adsorption s#&! Step edges of copper
Cu/Ru catalysts have been used to control catalytic activity and gjands on Ru (001) were found to trap H and CO and thus
selectivity in the FischerTropsch reactiod:356The addition reduce the diffusion coefficient of hydrogen on Ru(001) by 3
of Cu to Ru induces formation of longer chains of alkdne. orders of magnitude by depositing only 0.2 ML cop@eFhese

A key issue in these studies is the relative role of “ligand” new adsorption sites are characterized by a substantially different
(electronic) vs “ensemble” (morphological) effects in identifying  local work function, probed by photoemission of adsorbed xenon
the catalytic behavior. Ensemble effect is often associated with (PAX).17-19
a simple blocking of sites adjacent to the active one. By  Cuis immiscible in Ru, which circumvents the complication
reduction of the number of vacant sites, the surface is of determining the three-dimensional composition. It is known
deactivated. Reactions that require a large ensemble of activealso to grow epitaxially on the clean Ru(001), forming a
sites can be selectively suppressed, leaving only small ensemblgyseudomorphic film in the first layér:? The pseudomorphic
reactions. In the case of Cu/Ru(001) at 300 K copper forms growth implies that the GuCu bond distances are strained 5.5%
island$™® and blocks the chemisorption of both'fland CG*12 beyond the equilibrium distances found for bulk copper. The
on the Ru(001) surface. second layer is contracted practically to the interatomic distance

Formation of the bond between the two different metals leads of Cu(111) in one direction, while in the perpendicular direction
to electron polarization toward the element with the larger the Cu atoms are still in registry with the Ru(001) atoms. The
fraction of empty states in its valence band and is accompaniedgrowth mechanism up to 4 ML of Cu is “layer by layer”. The
by a large perturbation in the electronic properties of the metals. well-characterized surface of the Cu/Ru(001) syster? 2
The resulting electronic modification can dramatically alter makes it an ideal model bimetallic catalyst.
surface chemical (catalytic) properties of the bimetallic  Although adsorption and desorption kinetics of several
systemt-13-19 Strong electronic perturbation between the metal adsorbates have been studied on the Cu/Ru(001) sy8téfn,
overlayer and the underlying transition metal were observed in very few investigations have examined the dependence of the

adsorption and dissociation mechanism on the copper coverage.

f Current address: Department of Physical Chemistry, Nuclear ResearchConsiderable insight into the catalytic processes can be gained
Center, Negev, P.O. Box 9001, Beer Sheva, Israel. by these investigations, although some discrepancy is found
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between the “real” polycrystalline Cu/Ru catalyst powder and
the smooth Ru(001) deposited by copper atéhir example,

in the GH4/Cu/Ru(001) systefi the copper deposition gener-
ated new adsorption sites that have mixed Cu and Ru character.
The influence of these new sites on the dehydrogenation
pathways of ethylene is a key issue for understanding the carbide
layer formation, which is the final stage of the dehydrogenation
sequence.

Recently, there had been considerable interest in the adsorp-
tion of methyl halides on single-crystal surfaéé3he impor-
tance of these molecules as a model for surface alkylation and
in particular their damaging role in atmospheric reactions
motivated these studies. Under ultrahigh vacuum (UHV) condi-
tions the reactivity toward €X bond cleavage follows the trend
I > Br > Cl on several catalytic metal surfaces. Studies of
Ru(001) indicate that C#fl dissociates completely upon adsorp-
tion at 100 K28 CH3Br starts to only partially (55%) dissociate
at 125 K2% and CHCI does not dissociate at &1.0n Cu(111) =
CHal starts to partially dissociate at 1403 put CHBr does 1 Y
not 3233 e

From the three methyl halides the most interesting one in L
terms of its catalytic properties is GBI because of its rather -
different reactivity on copper and ruthenium. In the present study Figure 1. STM image of 0.3 ML of Cu deposited on Ru(001) at 650
the interaction of the methyl bromide with the bare Ru(001) : recorded by Ammer and co-worketsimage conditions are 190

. - nm x 200 nm, 1 nA, and-60 mV bias voltage. The darker areas are
surface is Compared to th_e CU{QM L)/ Ru(OOl)_ §urface in term_‘c’ of the Ru(001) substrate, and the bright stripes are of the copper terraces.
of characteristic adsorption sites and reactivity. The chemistry

of the methyl fragment is thus used as a probe of the gradually CH4Br (99.5% pure) was further purified by a few freeze

_changing nature of th_e metallic surf_ace as the copper Cover‘""g‘Zgump—thaw cycles to eliminate any noncondensable residual
Increases. This regctlve_probe provides a complementary and ases. Exposure was done by filling the chamber through a leak
rather different viewpoint of the surface compared to the valve to the desired pressure, with the uncorrected ion gauge
standard use of CO as a sen&dr. signal transmitted to a computer and converted to Langmuir
units (1 L= 10" Torr s).
Copper was evaporated onto the Ru(001) sample from a
The experiments described here were performed in a UHV resistively heated Ta wire wrapped in high-purity Cu wire
chamber with a base pressure 0k3L01° Torr obtained by a  (99.999%). The Ta filament was covered by a Pyrex shroud
turbomolecular pump (240 L/s). A sputter gun {Aons at 600 with a 5 mmdiameter aperture. The Cu source was thoroughly
V and sample current of 8A) to clean the Ru(001) surface degassed prior to deposition and was controlled by monitoring
and a quadrupole mass spectrometer (QMS VG MASSTORR the voltage drop across the Ta wire at constant current. The
DX) for Ap TPD spectra were used. The QMS was surrounded COpper coverage was determined by TPD after each experiment.
by a Pyrex shroud wit a 5 mmdiameter aperture to minimize ~ The pressure rise during copper evaporation was routinety (1
detection of desorbing molecules from surfaces other than the2) x 107'° Torr. The sample was held during evaporation at
sample. A kelvin probe (Besocke type S) was employed to 640 K in order to avoid CO adsorption and to produce a well-
monitor the work function change\(). Both TPD and work annealed surface, thus avoiding three-dimensional clustering of
function changes were measured as a function of crystal copper on the Ru(001) surfaéé.
temperature using the same routine. A computer-controlled ac
resistive heating method could, at the same time, control the |||, Results and Discussions
heating rate or stabilization temperatuge0(5 K) and collect
data via an A/D converter either from the quadrupole to obtain 1. Cu/Ru(001).Deposition of copper on Ru(001) has been
Ap-TPD or from the kelvin probe controller to obtalay TPD extensively studied by STM® and by other method&:25 Up

Il. Experimental Section

spectra. to a coverage of at least four monolayers (ML), the observed
The Ru(001) sample (a square piece, 8 mn8 mm, 1.5 growth behavior is compatible with both layer-by-layer and
mm thick) was cut from a single-crystal rod to withial® of layer/3D-cluster growth modes, strongly dependent on crystal

the (001) crystallographic orientation and then polished by temperature and deposited atom flux. At a surface temperature
diamond paste having particles of 0,2%. Sample cleaningin  of 300 K, second-layer islands are formed already araihd
UHV was described elsewhete LEED from the clean and = 0.8 ML, and at coverages higher than 1.2 ML third-layer
annealed surface showed a very sharp hexagonal pattern. Théslands are also observed. Annealing to 520 K was found to
sample was attached to a liquid nitrogen reservoir via copper dissolve the third layer into the first two layers. In conclusion,
feedthroughs directly welded to the bottom of the Dewar. The when adsorption temperature is above 500 K, the growth mode
ac resistive heating of two 0.5 mm diameter tantalum wires, atsubmonolayer levels is always by a step flow mechariigm.
between which the sample is spot-welded, was employed to In Figure 1 an STM image is presented of 0.3 ML Cu/Ru(001)
control the sample temperature. (W5% REN26% Re) deposited at 650 K, as taken by Ammer efarhe deposited
thermocouple wires spot-welded to the edge of the ruthenium copper atoms (bright stripes) are mobile enough to be captured
sample were used for sample temperature determination andby the Ru(001) step edges. Further Cu deposition results in a
control. step flowlike growth mode, which is supposed to wet the
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Cu that the terraces are not necessarily equally spaced, which might

] Ru(oo1) result in sites of type d at copper coverages less than 1 ML.
a Temperature-programmed desorption spectra of copper from

Ru(001) are well documented in the litera@t#é2and clearly
e separate the first from the second layers. We have used the
" d & integrated TPD of copper in order to determine the copper
N coverages at an accuracy of 5%. The work function change of
N N IMI>O>1ML the Ru(001) surface as a function of copper coverage, calibrated
N against the integrated area under the correspondmdPD
peak, has been measured (not shown). This is in order to
. evaluate the work function contribution by the methyl bromide
’\llf"c on the copper-covered surface. The work function decreases
S N monotonically down to-0.72 eV at 1 ML of copper, and then
iy O<1ML it is kept fixed up to 2 ML and above. These numbers agree
| very well with the continuous work function change measure-
ments taken during copper deposition on the same surface and
reported previously>a
This observation demonstrates that the work function of a

metallic overlayer does not necessarily correlate with the
chemical reactivity on this layer. As will be demonstrated below,
the unique chemistry of methyl fragments on Cu(l ML)/
Ru(001), which is rather different from the chemistry on
Cu(111), has been recorded.

-\ /.\ ferraces ¥V 2. CH3sBr on Cu(2 ML)/Ru(001). Characterization of the

SN PN $\ adsorption state of methyl bromide was obtained by a combina-

C g?< e tion of work function change measurements during adsorption

. % .\ at 82 K followed byAp TPD at the molecular mass of GBF¥

/. .V .\ (m/e = 94). These studies indicate that the molecule does not
T Y T . ? dissociate upon adsorption at this temperature on the clean
0.0 0.4 0.8 12 1.6 2.0 Ru(001)2° We have used these techniques to study and compare

® (ML) the effect of 2 ML of copper on the same surface in terms of

Cu the molecular behavior.
Figure 2. (a) Scheme of the Cu/Ru(001) surface representing the  \work function change measurements during adsorption of

typical sites for a ChBr molecule when adsorbed on Ct{BML)/ .
Ru(001). The copper was deposited at a crystal temperature of 640 K.methyl bromide on the Cu(2 ML)/Ru(001) surface reveal

The copper coverage regimes are indicated as follows: (a) Ru(001) P€havior very similar to that previously reported on the clean
surface, (b) Cu(l ML)/Ru(001) step edges, (c) Cu(l ML)/Ru(001) Ru(001f° and are shown in Figure 3. The first monolayer
terraces, (d) Cu(2 ML)/Ru(001) step edges, (e) Cu(2 ML)/Ru(001) induces adecreasef 1.33 eV+ 0.05 (compared with 2.15 eV
terraces. (b) Distribution of-ae sites as a function of copper coverage. + 0.02 on the clean Ru(001)), while the second layer causes a
smaller increase again similar but at a smaller magnitude
substrate surface completely at 1 ML of Cu. The step flow compared with the clean ruthenium. This behavior has been
regime is preserved up to-3t ML of Cu even if individual Cu interpreted in terms of a molecular adsorption geometry where
islands do exist on the surface. However, despite the layer-by-the first-layer molecules adsorb with the bromine facing the
layer growth, small bare Ru patches were still observed under metal surface while in the second layer it is predominantly
experimental conditions similar to those of the present work, adsorbed in the opposite geometyThe overall smaller
up to at least 1.4 ML, believed to be generated around defectmagnitude of the work function change that was found on the
sites?® Furthermore, even high annealing temperatures could copper-covered surface suggests that the adsorption geometry
not completely eliminate these rather stable vacancies within on this surface is characterized by a higher level of disorder.
the first copper layer on the Ru(001) surf&e. Probably a significant fraction of the molecules are tilted with
On the basis of the growth scheme depicted from the STM respect to the surface normal, in agreement with reports on the
study described above in Figure 1, we have marked specific geometry of this molecule on Cu(1fi)and Cu(10 ML)/
adsorption sites of the GBr molecules on the gradually copper- Ru(001)%
covered Ru(001) surface. The various sites are classified into It is interesting to note that the alternating adsorption
five groups, sketched in Figure 2a, as a function of copper geometry within the first layers of methyl bromide on the clean
coverage: (a) clean Ru(001) terraces, (b) Cu(1 ML)/Ru(001) Ru(001), inferred from the work function change data, is
step edges, (c) Cu(l ML)/Ru(001) terraces, (d) Cu(2 ML)/ consistent with the molecular crystal structét&he behavior
Ru(001) step edges, and (e) Cu(2 ML)/Ru(001) terraces. Theon the copper-covered surface suggests that the interaction of
differences in the morphology of the surface observed as the methyl bromide with copper induces geometrical changes within
copper coverage increases above 2’Mlare not reflected in the first layer, which prevent the growth of well-ordered bulklike
the parent molecule’s\p TPD spectra, which remains un- crystal.
changed. Therefore, the e sites are taken to represent th Cu( Once the methyl bromide molecules adsorb on the 2 ML
ML)/Ru(001) as well. The density of the various types of sites copper-covered ruthenium surfae®p TPD measurements at
as a function of copper coverage is shown in Figure 2b. The the molecular mass were performed. In Figure 4, a comparison
model described in this figure is valid under the assumption is made between the spectra obtained from the clean Ru(001)
that the step edge concentration is constant. However, we noteand those from the Cu(2 ML)/Ru(001) surface. These spectra

2

Relative coverage (arb. unit) =
X
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Figure 3. Work function change measurement duringsBHadsorp- Figure 4. Ap TPD spectra of CkBr (m/e = 94) at the indicated

tion at 82 K on (a) Ru(001) and (b) Cu(2 ML)/Ru(001). The onset and molecular coverages from (a) Cu (2 ML)/Ru(001), 687 ML of
completion of each desorption peak (shown in Figure 4) are indicated. CH,Br. The inset showsAp TPD for the indicated Cu/Ru(001)

coverages and subsequent exposure6tL of CHsBr. (b) Clean
serve as indicators of the strength of interaction of the molecule Ru(001), 0.+1.3 ML of CHsBr. The inset shows the indicated
with the underlying metallic surface. It is clearly seen that the Sg\?grrggg“r ;;?ngafo‘:bg?ze‘jl\ﬂfg’/guEggl)m;Lt]'('ja%ﬁ; '2;22%' F‘;L‘()(’)“O'%e
ruthenium is highly reactive upon sample heating, dissociating 4 . :
0.55 of the initial 1 ML of adsorbed methyl bromide. In contrast, Adsorption temperature was 82 K and the heating rate 3 Ks.

the Cu(2 ML)/Ru(001) surface is quite inert, leading to the . This density can then be used to estimate the low coverage
dissociation of only 0.06 of the initial 1 ML of C48r (note (isolated molecule) dipole moment of adsorbed methyl bromide

the similar ordinate’s scale in both insets), which is probably (#(0)). We obtained a dipole moment estima(®) =1.55 D

due to defects in the copper layer. Theses defects are stabl rom t'he initial slope of vvprk function vs coverage plot in Figure
even after annealing to temperatures around 1000°K. . This dipole moment is smaller than the gas-phase value of

. . i 1.82 D in contrast to typical cases where an adsorbed
_ They molecular desorption peak (Figure 4), attributed to the . g1a¢jar state is more polarized because of the formation of
first CH3Br layer on the Cu(2 ML)/Ru(001) surface, shifts from

> surface bonding, which often results in a large dipole moment.
170 K at low coverages to 150 K at 1 ML because of dipole  1hjs can be explained only on the basis of adsorption geometry
dipole repulsior??-29-35n addition to the minor methyl bromide

' Tk ; "M% arguments, which favor a significant degree of tilt of the
dissociation, 2 ML of copper reduces substantially the binding 54sorped molecule on the Cu(2 ML)/Ru(001) surface.
energy of the isolated C_:gBr molecule to the surface, as seen Finally, in the inset of Figure 4b, the desorption spectra
from the lower desorption temperature at low coverages. By gpiained from the multilayer methyl bromide coverage regime
use of a preexponential factor 0b310'*s™*, the low-coverage  4re shown. The peak is centered at 130 K and is attributed to
(isolated molecule) actlvgtlon energy for desorptlon from the second-layer desorptiofihe a. peak for the 2 ML Cu/Ru(001)
copper-covered surface is 42 kJ/mol, as obtained from a full giface is attributed to the condensed phase, and similar to the
desorption line shape analysis. clean Ru(001), it peaks around 126 K. The sensitivity of the
Calibration of the total molecular desorption uptake obtained desorption spectra to the underlying substrate is evident.
from the clean Ru(00%j to that from Cu(2 ML)/Ru(001) Although on the clean Ru(001) unique low-temperature desorp-
enabled the semiquantitative definition of the 4Bl density tion from a third layer ¢ peak) was observed, it is absent in
on that surface at the completion of a monolayer. Considering the desorption from the Cu(2 ML)/Ru(001) surface.
the somewhat higher density of copper atoms on Cu(111), by a Destabilization of the third layer and then a more stable fourth
factor of 1.114 compared with that of ruthenium atoms on and thicker layers on the clean Ru(001) has been discussed in
Ru(001), we came up with a density of 1 ML of methyl bromide terms of bulklike molecular crystalline structure formatf8i§°
of CH3Br/Cu = 0.22 £ 0.02 (identical to the packing on the It turns out that on the copper-covered surface destabilization
clean Ru(001)), which translates to (48 0.3) x 10 of the third layer is not observed. On the basis of the work
molecules/crh function change spectrum during adsorption, we conclude that
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on the Cu(2 ML)/Ru(001) surface, GBr molecules cannot
form a structure according to the molecular crystalline anti- ] ©,(ML)
parallel arrangemetttas well as on the clean Ru(001) surface. T
This may be related to the fact that on this surface there are

more defects, and as a result, molecules adsorb in a distribution (.04

of tilt angles with respect to the normal to the surface. FOATN T T

3. Cu(0—2ML)/Ru(001). 3.1. CHBr Desorption.The de- j
sorption of methyl bromide from the Cu/Ru(001) surface is ] i 0257 s Pt
expected to reflect the distribution of sites shown in Figure 2. ]
The Ap TPD spectra of CkBr at the monolayer coverage -0.5
regime for three copper coverages betw@gn—= 0.95 andic,
= 1.95 are shown in the inset of Figure 4a. These spectra g
demonstrate the effect of copper sites on the molecular desorp-= 1 ’ B 0.80<0,,>0
tion. Two desorption peaks at 145 and 195 K are assigned to S — 0,080
desorption from first-layer copper terraces (c) and copper step = _; o
edges (bd) sites, respectively. Exact assignment of each of &
the desorption peaks to a given site is probably impossible.
These small desorption peaks change with copper coverage, and
above 2 ML they coalesce into a single 155 K desorption peak,
which is believed to correlate with site e in Figure 2. The
activation energy from this site is 47 kJ/mol, assuming the same
(3 x 10% s71) preexponential factor as above. This indicates
that the binding energy at the step Cu/Ru edges is 5 kJ/mol
higher than the binding on the Cu(2 ML)/Ru(001) terraces.

Correlation of the work function change data obtained during
desorption Ag TPD) with Ap TPD provides important and . , . .
often unique information on the dependence of the dissociation 00 o3 H t »
mechanism of adsorbed methyl on copper coverage.Ngpe j @
TPD after exposure of Cu(@ML)/Ru(001) surfacesot6 L of —r T T T T
methyl bromide at 82 K is shown in Figure 5. All changes in 100 200 300 400 500 600
the work function refer to the clean Ru(001) surface and include Temperature(K)
contributions tog due to both copper and the r.ne.thyl bromide. Figure 5. Work function change during temperature-programmed
Forfc, < 0.8. ML (dashee-dotted lines) the main influence of _ desorption Ag TPD) of CHBr from Cu(0-1.9 ML)/Ru(001) at the
the copper is observed between 200 and 400 K. At this jngicated copper coverages. The initiad (at 82 K) comprises the
temperature range the adsorbed methyl dehydrogenates almosi¢ due to adsorbed copper and subsequent exposré bf CHBr.
completely to CH fragments on the clean Ru(001) surf8ée. In the inset, the difference between the measuxedat 82 K before
The very differentAgp TPD spectra caused by copper at exposing the surfacet6 L of CHsBr and the one obtained at 550 K
coverages as low as 0.11 ML (not shown) indicate that the following A@ TPD runs is shown. The heating rate was 2 K/s.
methyl dehydrogenation reaction is very sensitive to the electron £6 L of CHsBr on the Cu/Ru(001) surface, from thep value

density changes exerted by the adsorbed copper. The different h .
reactivity pattern on the copper-covered, compared with the detected after sample heating to 550 K. Bromine forms/a (

. . V/3)R30 structure on Cu(111% We assume that a similar
clean Ru(001) surface, is attributed to the copper step edges>< :
and their surroundings, where the dehydrogenation reaction rat structure is formed on both Ru(001) and Cu(2 ML)/Ru(001),

e . ; )
. . . defining this as 1 ML of bromine coverage (namely, 1 ML

of the CH fragments is faster (see section 3.3 below). This 2 . L

statement is supported by previous reports on the special roIeBr/Ru = 0.33). This assumption is based on the expected

. - .~ _“similarity with the identical ordered structure formed by chlorine
step edges of copper on ruthenium have in, for example, slowing 5 3
the diffusion of H and CO on this surfage. on Cu(11132 and on Ru(001%2 At 1 ML of coverage the work

o ) function change induced by bromine atomsH8.8 and—0.32

. At 6cy = 0.8 ML (solid lines), an abrupt change is observed \; 4, Cu(111¥ and Ru(001¥° respectively.
in the Agp TPD spectra.A Ag decrease around 300 K The fraction of dissociated GBr gradually decreases upon
disappears, andag rise around 400 K emerges. These results jncreasing copper coverage. It diminishes from 0.55 of a
correspond to similar changes observed inARETPD spectra,  g4trated monolayer-adsorbed methyl bromide on the clean
which mark the modification in the dehydrogenation pathway Ru(001) to 0.06 of the initial monolayer on the Cu(2 ML)/
of the adsorbed methyl, as will be discussed in the next section.Ru(()Ol) surface. This accounts for the amount of bromine

Following the decomposition of parent @Bt and its methyl  adsorbed on the surface. The reactivity difference toward
fragment using work function change measurements YEQUiFESdehydrogena’[ion of methyl groups between Ru and Cu is
special care. This is due to the opposing effects generated byreflected by the decreasing amount of carbon deposited on the
the gradual increase of the copper coverage: decreasingsurface as the copper coverage increages.measurements
reactivity toward the parent molecule and its decomposition following C,H4 decomposition have indicated that carbide atoms
fragments but at the same time opposke change due to  contribute +0.2 V for an estimated carbon coverage of
bromine atoms left on the Cu vs Ru surface. C/Ru(001) of 0.1%4

In the inset of Figure 5, the change &y attributed to the Bromine atoms left on the surface as a result of the
adsorbed fragments (carbon and bromine) left on the surfacedecomposition of methyl bromide lead to\g increase as the
after aAg TPD run up to 550 K is shown. This is measured by copper coverage grows. The work function change attributed
subtracting the initial reading at 82 K, prior to the adsorption to the adsorbed hydrocarbon fragments at 550 K reverses its
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sign atfc, > 0.30 ML, and aroundc, = 1 ML, the work
function change is maximized at 0.68 V. The turnover and —H, (me=2)
decrease ofAp at fc, > 1 ML is attributed to the gradual 1 A L T CH, (m/e=16)
passivation of the surface by copper, which suppresses the
molecular dissociation, resulting in a lower bromine coverage. .

There is an interplay between the decreasing dissociation
probability as the copper coverage increases, and the increasing
work function change, due to each bromine atom that binds to
copper and not to rutheniurwhile on the clean Ru(001) surface
the contribution of bromine atoms is negati’gs we increase
the copper coverage to 1 ML, more bromine atoms adsorb on
copper terraces and their step edges and contribute positively
to the work function. Even at low copper coverages, where the
molecules most likely dissociate on clean ruthenium sites and
not at step edges of copper, the bromine atoms find their way
to the nearest copper step edges, inducing positive change in
Ag.

In general Ap TPD spectra reproduce rather accurately the
behavior observed in the corresponding TPD. One can
further emphasize the similarity between these complementary
methods by differentiating th&g TPD spectra with respect to
temperature, as was discussed in ref 29, and this will be
demonstrated below for the desorption of methane.

3.2. CHz Chemistry on Cu/Ru(001). 3.2.1. CH/Cu(0—
2ML)/Ru(001).Two different Ap TPD signals atm/e = 16
(dotted lines) andan/e = 2 (solid lines) following the exposure
of Ru(001) surfaces (covered by the indicated copper coverages
Ocy=0—1.95 ML) to 6 L of CHsBr at 82 K are shown in Figure — 77—
6. These signals reflect the catalytic production of,@Hd H, 100 200 300 400 500 600
respectively. The fraction of dissociated ¢B84 (sum of H, and
total CH, uptake) as a function of copper coverage is sum- Temperature(K)
marized in Figure 7. The dissociation of ¢ clearly decreases  Figure 6. Ap TPD spectra atve = 2 (Hs, solid lines) andn/e = 16
with increasing copper coverage, as determined by the hydrogen(CHa, dotted lines) after exposing Cu/Ru(001) surfaces at the indicated
uptake, which gradually vanishes, and the total methane signal,copper coverages {fL.95 ML) to 6 L of CHBr. Adsorption temper-
which increases ac, grows toward 1 ML. Aroundc, = 0.8 ature was 82 K and the heating rate 3 K/s.

ML, the hydrogen desorption peak develops a low-temperature  Around 200 K the methane desorption rate first increases as
tail while methane desorption at 195 K broadens toward higher g — 0.95 ML and then it decreases again as the second copper
temperatures. At 0.95 ¢, > 0.8 ML, the hydrogen desorption layer starts to build up. Fdfcy > 2 ML methane production is
disappears concomitantly with the emergence of a new desorp-practically eliminated. On the bare Ru surface, methyl dehy-
tion peak of methane centered on 370 K with a tail at 450 K. grogenation is faster around 200 K than the hydrogenation
This sudden change in the adsorbed methy! dissociation pathwaychannel to form CH29 It is believed, therefore, that the
above 250 K at a narrow copper coverage range is seen also irUesorption of methane near 200 K originates from {Gi
the A TPD spectra (Figure 5) and nicely demonstrates the kind fragments at copper step edges or from those “spilled over” on
of SelectiVity one would eXpeCt from a bimetallic Catalyst. top of the copper terraces. These (,%lspecies then recombine
Hydrogen atoms were shown to “spill over” from the with hydrogen atoms produced at the same temperature range
ruthenium terraces on top of the copper-covered areas aroundrom dehydrogenation of other (GHq on the bare Ru sites.
130 K2 Our data suggest that arourtid, = 0.8 ML, the We note that at submonolayer copper coverages, even if methyl
adsorbed hydrogen density produced by the dissociation of theresides on top of the copper layer, its diffusion is fast enough
methyl species is higher than the capacity of the remaining cleanto reach free Ru(001) sites and may dehydrogenate. As discussed
Ru terraces. As a result, hydrogen “spills over” on top of the above, the abundance of Ru sites that enable)gHissociation
copper terraces, where it recombines with adsorbed methylis reduced atc, > 0.8 ML (as is expressed by the hydrogen
(which also reside on the copper following diffusion and “spill and methyl species coexistence between-2Z80 K) and
over” from the ruthenium sites) to produce methane. U@dgo diminishes atfc, > 0.95 ML. Possibly, electronic structure
= 0.95 ML a regime is maintained for which adsorbed hydrogen modifications generated by the bimetallic system contribute to
and methyl species coexist, resulting in an overlap of their the reduced dehydrogenation reactivity on the Ru sites. As
TPD spectra between 23@80 K (Figure 6e). Further increase  shown by STM measuremeftgton other systems, step edges
of the copper coverage above 0.95 ML results in decreasedexert long-range electron density modifications on the surface
methyl radical density due to diminishing parent molecule (50—100 A). If the range of these changes is similar to the
dissociation. In addition, the methyl dissociation also gradually average distance between the copper terraces, there will be no
slows down, and thus, the hydrogen coverage is reduced. Theavailable Ru sites that are of pure Ru nature. Therefore,
absence of any hydrogen desorption f, > 0.95 ML is dehydrogenation of (Chhg is expected to be significantly
understood in terms of the low hydrogen coverage, which makesperturbed and eventually be totally blocked. This can be
the recombination reaction with methyl to form methane the understood in terms of an “ensamble” effect in the surface
dominating reactivity channel. reactivity of the methyl fragments.

0. (ML)

QMS Signal (arb. units)

195 i
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in heterogeneous cataly¥idand has recently been discussed

0.12 5K —V—H, L theoretically on the basis of d electron occupation using density
N, —O~— CH, (total) functional theory!>® For example, the rate of cyclohexene
T N% —M®— CH,_(T>290K) — dehydrogenation is 6-fold-enhanced on the Au(1 ML)/Pt(100)
0.10 4 \\ --¥---CH,(total)+H, | 2 surface compared to the Pt(100) surfat€overages of 2 ML
5 & of Au on Pt(100) were found, however, to deactivate the surface.
g § In a similar way, our results indicate that 1 ML of Cu is not
S 0.084 L& sufficient to deactivate the Ru(001) surface for both:BiHand
'8 ? CHs dissociation. Only upon second-layer Cu deposition is the
@ S Ru surface practically passivated (besides dissociation at defect
= 0.06- - » sites). Copper deposition beyond 2 ML (checked specifically
s B for coverages up to 5 ML) causes further increase of the surface
- =N work function by 0.08 V, toward that of Cu(114% with no
0.04 - L ’g:: substantial change in the surface reactivity. We conclude that
< the surface work function, which responds to bond polarization
5 at the first monolayer regime, is not sensitive enough as a probe
0.02 - 2 of surface reactivity beyond 1 ML of deposition.
N’

It is worthwhile to compare the methyl chemistry on Cu(1
ML)/Ru(001) with that on Cu(110% and Cu(111$}4” where
B it was prepared from C#fl dissociation. A detailed study of
i — . these surfaces have found methyl radicals to be stable up to
0.0 0.5 1.0 15 2.0 400 K, where they disproportionate to form mainly methane
and ethylene with the same first-order kinetics and the same
®Cu (ML) desorption rate, with a peak desorption temperature around 460
Figure 7. Extent of CHBr fragmentation = CH3Br/Ru(001)= 0.22 K. The rate-determining step is the dissociation of;@CH;
+ 0.02 at 1 ML) as a function of copper coverage, reflected by the and H. At higher methyl coverages ethane:Hg) is also
integrated area under the hydrogemig= 2) and methanenfe = 16) produced around 450 K by GHcoupling with pronounced
Ap TPD signals shown in Figure 6. second-order kinetics features. This channel has a threshold
A TPD spectra atdc, > 0.8 ML (Figure 5) reveal a  methyl coverag&cs > 0.015%¢
monotonic increase of the work function before and during the  Methyl radical dissociation was shown to strongly depend
desorption of methane around 370 K. This slow increase canon the hydrogen surface coverage. When a Cu(110) surface
be interpreted as the contribution of partial (diminishing) covered by adsorbed methyl is exposed to deuterium atoms
decomposition of the methyl and its products that results in the (produced by a hot filament), most of the methyl radicals have
accumulation of hydrogen and possibly carbon atoms on the desorbed around 380 K as GB{*6 prior to the methyl
surface. The production of methane from the recombination of gecomposition, which takes placeTat- 400 K. In the present
methyl radicals and hydrogen atoms was previously reported stdy, atfc, in the range +2 ML, the hydrogen atoms are
to take place on Cu(11f)around 380 K, in good agreement  gyppjlied by methyl dehydrogenation either on the Ru sites,
with the 370 K peak temperature observed in Figure 6. The \yhich are exposed through defects in the copper layer, or on
recombination reaction to form methane is a second-order o Cu(1 ML)/Ru(001) terraces, as a result of methy! dissocia-

reaction that should shift to lower temperatures with increasing tjon. Both lead to methyl hydrogenation to form methane around
methyl radical and atomic hydrogen density. However, as seens7q g similar to the chemistry on Cu(116).

in Figure 6, with decreasing copper coverages a clear shift to
highertemperatures is observed with a common leading edge 3.'2'2' CH/Cu(l ML)/RU.(()Ol)US CHJCU.(Z MI.‘)/RU(OOI)‘
Unlike CHsl, methyl bromide does not dissociate at all on

This reaction scheme, therefore, is not consistent with a simple . . ;
' ' 32,33
elementary second-order kinetics. It can, however, be rational- CU(111)7=**and only a small fraction dissociates on Cu(2 ML)/

ized as a pseudo-first-order reaction with excess methyl radical RU(001). Consequently, the chemistry of methyl on these
concentration. The hydrogen is apparently produced by dehy_surface§ (in the gbsence of coadsorbeq hydrogen atoms) cannot
drogenation of the fraction of the methyl adsorbates asatee € Studied by simple thermal excitation. To produce a high
limiting stepfollowed by a fast hydrogermethyl recombination ~ density of methyl radicals on the surface, we had to apply other
reaction to form methane. Since the rate constants for hydrogenMeans to dissociate the parent molecule. This was achieved by
recombination and methyl radical hydrogenation are compa- exPosing the CgBr/Cu(2 ML)/Ru(001) system to UV light from
rable?¢ the absence of hydrogen desorption indicates that its @ Xenon lamp (450 W) with a wavelength range of 2220
concentration is negligible throughout the course of the reaction "M. Photodissociation of Gir to CHs and Br is rather
and supports the above interpretation. When copper coveragdacile3***Adsorbed methyl groups on Cu(2 ML)/Ru(001) were
approaches 2 ML, less hydrogen is produced because ofthus formed at an equivalent coverage of 0.18 of the initial 1
passivation of the surface toward methyl dissociation, as ML of methyl bromide and then react to form methane and
discussed above. desorb around 460 K. This is similar to the outcome of the
X-ray photoelectron spectroscopy (XP&3nd photoemission  thermal dissociation of Cgl on Cu(111)** Halides at low
of adsorbed xenon (PAXj studies of the Cu/Ru(001) system coverages do not affect the rate of methane formation and its
have revealed strong electronic perturbations at the first copperdesorption temperature from copper surfat®&$The influence
monolayer coverage range. These perturbations are held re-of the underlying Ru on the reaction between methyl fragments
sponsible for the higher reactivity of the Cu(1 ML)/Ru(001) on copper can be studied most conveniently by a comparison
relative to the Cu(2 ML)/Ru(001). The ability of the transition between the chemistry on Cu(1 ML)/Ru(001) to that on Cu(2
metal to chemically activate noble metal atoms is well-known ML)/Ru(001).




5672 J. Phys. Chem. B, Vol. 103, No. 27, 1999 Livneh and Asscher

a ——CH, (m/e=16) e —— -
—~ = CH, (n/e=27) 0357
=
g 150 + 0.28 -
_D' ~ = =
=5 % 0.00 T
100 > e -
< N’
= 5 0.07 1
- p— <
75)
w»n 07 0.14
2
0- 0217 Cu(l MLYRu(0OD | ____ A®-TPD
304 e Ap-TPDF B
. daoydt] g
£ 150 =] :3
E 2 £
= > 204 N
Kaj E —
=
=100 ~ 15 =
= = .20
£ 2 10 «
.20 S o
v 504 3 0.5 J 2
¢ " :
o 004" >
o
L L L L L rt 1 T ) ' ) 4 1 T I ' I
100 150 200 250 300 350 400 450 500 550 300 350 400 450 500 550
Temperature (K) Temperature (K)
Figure 8. Ap TPD spectra of Chi(solid line) and GH, (dotted line) Figure 9. (a) Ap TPD (dasheetdotted lines) and (bAp TPD (dotted
(a) after exposing Cu(0.95 ML)/Ru(001) surfacestL of CHsBr. The lines) and df@)/dT (solid lines) spectra after exposing Cu(1 ML)/

tail above 400 K is 4-fold-magnified. (b) After covering a Cu(2 ML)/  Ru(001) surfacea 6 L of CHsBr. The same is also measured on a
Ru(001) surface by 1 ML of CiBr (4L exposure) followed by 24  Cu(2 ML)/Ru(001) surface covered by 1 ML of GBt (4 L exposure)
min of broad-band UV (236420 nm) irradiation from a 450 W Xe and followed by 24 min of broad-band UV (23@20 nm) irradiation
lamp. from a 450 W Xe lamp.

surfaces also by methylene coupling (2CH C;H,4) around

In Figure 8 we compare the temperature-programmed meth-200-230K 4648 Methylene groups may be formed at copper step
ane production (solid lines) from Cu(0.95 ML)/Ru(001) (Figure edges where higher reactivity toward gtehydrogenation is
8a) to that from Cu(2 ML)/Ru(001) (Figure 8b). Methyl expected with subsequent “spill over” on top of the copper
fragments are generated by thermal dissociation of the parentterraces. This channel is gradually eliminated upon second
CHsBr molecule on Cu(0.95 ML)/Ru(001) and via photochemi- copper layer deposition (not shown). Finally, we note the small
cal decomposition on Cu(2 ML)/Ru(001). A small fraction of methane peak produced on Cu(2 ML)/Ru(001), as seen in Figure
the methyl fragments react through a competing channel to form gb around 300 K without any ethylene formation. This peak is
ethylene, as shown in the dotted lines. Ngdgmolecules are  attributed to a recombination of hydrogen (produced at surface
produced on both copper-covered surfaces. This can be ex-defects) with methyl radicat$. Production of methane at the
plained by the need for higher methyl coverage in order to same temperature was previously observed after photochemical
initiate a methyl coupling reaction to form ethane, as was found decomposition of C&Br on Cu(10 ML)/Ru(001) as wef®
on Cu(111347and Cu(110}¢ The effect of the underlying ruthenium atoms on the reaction

Several important differences are noted in the methyl reactiv- of methyl species on top of the copper terraces can also be
ity on the two copper-covered surfaces. On Cu(0.95 ML)/ studied by measuring the work function change during methane
Ru(001) (Figure 8a) the production and desorption peak of CH formation and desorption between 300 and 500 K, employing
(370 K) appears at lower temperature and it does not overlapa A TPD mode. In Figure 9aAg measurements during
the minor ¢-0.003 ML) ethylene desorption peak. The desorp- methane production on Cu(2 ML)/Ru(001) are shown for
tion profiles of methane and ethylene at 460 K from Cu(2 ML)/ photochemically produced GHupper curve) and for thermally
Ru(001), however, exactly overlap, as seen in Figure 8b. On produced CH + H/Cu(1 ML)/Ru(001) (lower curve). Before
both copper coverages the ethylene/methane ratio above 400 Kand after the methane desorption, only a small change in the
is 1:3. This observation suggests that at these temperaturesvork function is observed on the Cu(2 ML)/Ru(001) surface.
methane and ethylene are produced via the same mechanismin contrast, in the Cu(1 ML)/Ru(001) case, a continuous increase
methyl disproportionation on top of the copper terraces, as wasin the work function of about 0.7 mV/K, prior to desorption, is
shown before to be the mechanism on Cu(110) and Cud-484y’ observed. This rate of increase scales with the amount of
The intensity ratio of 1:20 for §14/CH,4 observed at the methane methane that desorbs around 370 K (not shown). Therefore,
desorption peak near 200 K (Figure 8a) indicates that the we attribute this increase to methyl fragmentation on the copper
mechanism that leads to ethylene production at this temperaturemonolayer followed by accumulation of hydrogen atoms on the
range is different; ethylene was shown to be formed on copper surface. This hydrogen, however, is not in high enough density
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to recombine and desorb as; lt temperatures below the
desorption of methane.

A comparison of theAp TPD and the dd¢)/dT spectra is
shown in Figure 9b. For the Cu(2 ML)/Ru(001) case there is a
very good overlap between the two spectra. This is not
surprising, considering that we actually follow the rate-
determining step, which is methyl dissociation (£H CH, +
H).46:47 The reactions of methylene insertion and methyl
hydrogenation were found to be considerably faster than methyl
dissociation on Cu(110% Therefore, further decomposition of
the methylene fragments must take place simultaneously with
the methyl fragmentation without affecting the measured work
function change.

The work function increases by 0.12 V upon the removal of
methyl species from Cu(2 ML)/Ru(001). On the basis of the
integrated area under the corresponding metidgm&PD peak,
the photochemically generated methyl coverage reachegd CH
Cu = 0.04 ML (0.18 of an initial 1 ML of methyl bromide).
Simple calculation based on the Helmholtz equatiag, =
47Nuo, where N is the surface methyl density ang is the
isolated methyl dipole moment, provides an estimate of the
isolated adsorbed methyl dipole momentugf= 0.48 D (1 D
= 3.34 x 1073° C m). The justification to use this simplified
model stems from the low coverage and insignificant dipole
dipole interaction between the methyl adsorbates.

Unlike the Cu(2 ML)/Ru(001) surface, at the lower coverage
of Cu(1 ML)/Ru(001), the d{¢)/dT spectrum does not overlap —r—TT7
the Ap TPD. The dQAg)/dT peak shifts to higher temperatures 250 300 350 400 450
by 25 K with respect to thé\p TPD spectrum. A similar peak Temperature(K)
temperature shift (26 K) is also observed for Cu(1.5 ML)/

Ru(001). The origin of this temperature shift is not well Figure 10. Comparison between (#)p TPD of hydrogen and (khg
understood. Taking into account the low concentration of methyl Igvl?er?afgt;r g‘g%%nl\gﬂg“tgoglz i‘;rg"fb%f_o‘éi:e%ggotr?se (')?dél‘ﬁgf ;:r?epper
species, we exclude dipetelipole interactions as the origin of A Tpp spectra are shifted upward without a true representation of
this lack of overlap between the two spectra. The enhancedthe A¢ values.

dissociation of the methyl fragments prior to methane desorption,

which results in the sudden rise in surface coverage of methylenethe lower rate of ethylidine formation from recombination
and hydrogen species, is not a feasible explanation as well. Thisbetween two Chigroup$®2°as the copper coverage increases.
is due to the absence of detectable ethylene desorption at thes@his is consistent with the restricted diffusion of the £H
temperatures (see Figure 8a), expected to reflect the presencéagments due to their capture at the step edges of the growing
of methylene fragments on the surface. Higher density of carbon copper layeré? Finally, the Ag TPD profile around 300 K
deposits may explain the observed difference. Further investiga-suddenly changes at abdig, = 0.8 ML, which correlates well
tion of this issue is required. with the onset of methane formation detected at 370 K in the

3.3. CH/Cu(0—1ML)/Ru(001). The dehydrogenation path- AP TPD spectra shown in Figure 6.
way of CHBI/Ru(001%° was shown to correlate well with the
suggested scheme for GIHRu(001)28 By combination of the
work function change andp TPD data, additional insight could CH3Br/Cu/Ru(001) is an interesting model system to inves-
be gained. Similar information has been obtained for the copper-tigate the chemistry of methyl halides on bimetalic catalysts
covered ruthenium. A comparison between the hydrogen de-for the following reasons. (a) Cu is immiscible in Ru, and its
sorption signal obtained at various copper coverages (Figureoverlayer structure is well established in the coverage rélgge
109 and their correspondingg TPD spectra (Figure 10b) is = 0—4 ML. (b) The different reactivity of CgBr on single-
presented. The CHfragments that are left on the surface in crystal copper (no dissociation) vs Ru(001) surface (55%
the presence of copper at temperatures higher than 210 K displaydissociation) enables the gradual change in reactivity with
a differentA@ TPD profile during their dissociation than on  growing copper coverage.
the clean Ru(001) surface. Between the clean and 0.45 ML The chemistry of ChBr on Cu/Ru(001) has been studied
copper-covered Ru(001) surfaces a peak emerges ighEPD utilizing work function changeA¢) and TPD measurements.
between 280 and 320 K. The dissociation pathway changesA decrease in work function at the completion of 1 ML of
already at very low copper coverages, = 0.11, and at least  CH3Br of 2.15 4+ 0.02 eV and 1.33+ 0.05 eV have been
part of it occurs at sites that are localized around the copper measured, respectively, for Ru(001) and Cu(2 ML)/Ru(001) held
step edge boundary (sites b in Figure 2). At the same time, theat 82 K. Methyl bromide does not dissociate upon adsorption
high-temperatureAp TPD peak of hydrogen near 310 K on the clean or the copper-covered ruthenium surfaces, and it
decreases significantly. This hydrogen peak is attributed to ais bound with the bromine down at coverages below the
combination of ethylidine (CC§)J dissociation and recombina-  completion of the first monolayer.
tive desorption of hydroget?2°The faster decay of this 310 K Copper inhibits the dissociation of GBr on Ru(001) and
Ap TPD peak relative to the 280 K peak may be explained by modifies the dehydrogenation pathway of the methyl fragment.

a

Mass 2 Signal (arb. unit)

A® (Vol)

IV. Conclusions
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As copper atoms gradually block ruthenium sites, a decrease (11) Park, C.; Bauer, E.; Popa, Burf. Sci.1987 187, 86.
in the extent of methyl dehydrogenation is observed. Thus, the (12) Vickerman, J. C.; Christmann, K.; Ertl, G.Catal. 1981, 71, 175.
accumulation of methyl fragments gradually enhances the (13) Campbell C. TAnnu. Re. Phys. Chem199Q 41, 775.

. , 14) Sachtler, . W. M.; Biberian, J. P.; Somorjai, GSAtf. Sci.198
formation and desorption of methane on account of hydrogen. 11((1 4)3. achter erian omonal (. Sel1981

In the copper coverage range 6895 ML, adsorbed (15) Goodman, D. WJ. Phys. Cheml996 100, 13090 and references
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desorption completely terminates. It marks a signicant decreaseggze| H, p., Bradshaw A. M., Ertl G., Eds.; Elsevier: Amsterdam, 1989;

in CH3 dehydrogenation rate due to insufficient area of bare p 25.

ruthenium active sites. (19) Kalki, K.; Pennemann, B.; Sclder, U.; Heichler, W.; Wandelt,
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at temperatures b.elow any hy_drogen or methan? desorption (24) Houston, J.‘E.;’Pedén, C H. F.; I'::Iair, D.S; Goodmaﬁ, DSWff.
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continuous decomposition of the methyl and its fragments,  (25) wolter, H.; Schmidt, M.; Wandelt, KSurf. Sci.1993,298 173.
becoming the hydrogen source for the metHyydrogen (b) Campbell, C. TAnnu. Re. Phys. Chem199Q 41, 775.
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