Available online at www.sciencedirect.com

SCIENCE@DIRECT“’ JOURNAL OF
CATALYSIS

‘= =
ELSEVIER Journal of Catalysis 227 (2004) 33-43

www.elsevier.com/locate/jcat

trans-1,2-Dichloroethene on GgPdso(110) alloy surface: dynamical
changes in the adsorption, reaction, and surface segregation

L.H. Bloxham?, S. Had, Y. Yugnet®, J.C. Bertolin?, R. RavaP*

& Qurface Science Research Centre, Department of Chemistry, University of Liverpool, Liverpool, L69 3BX, UK
b Institut de Recherches sur 1a Catalyse/CNRS 2, ave. A. Einstein, F-69626, Villeurbanne cedex, France

Received 16 April 2004; revised 10 June 2004; accepted 13 June 2004
Available online 20 July 2004

Abstract

The adsorption and reaction tfans-1,2-dichloroethene on CuPd(110) have been studied using molecular beam adsorption reaction,
temperature-programmed desorption, reflection absorption infrared, high-resolution electron energy loss, and X-ray photoelectron spectro-
scopies. Below 165 K, the molecules adsorb intact at all coverages with their molecular planes orientated largely parallel to the metal surface.
Above 165 K, decomposition is observed initially on adsorption, but is limited by availability of surface sites and stablisation effects of
coadsorbed Cl. Between 300 and 350 K themuesorbing decomposition products arg &hd GH», while only H, is produced between
350 and 675 K. Above 675 K evolution of HCl is observed. The decoitipnof thehydrocarbon skeleton occumsainly at Pd sites, while
dechlorination is catalysed at Gites with Cl preferentially bindintp the Cu atoms. This leads to dynamic changes in surface composition
of the alloy with segregation of underlying Cu atoms to the surface that scavenge the Cl atoms and thus help to keep the Pd sites Cl free.
Crown Copyrightd 2004 Published by Elsevier Inc. All rights reserved.
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1. Introduction tivity, and stability[3,6,7] Due to its affinity to chlorine,
Cu could also be an effective agent for C—Cl bond cleav-
age[12]; however, the use of Cu as an effective dechlori-

Hydrodechlorination is a key reaction in the processing nation catalyst is limited by its inability to remove surface

of many potentially harmful chlorinated compour{ds6]; chlorine, which can ultimately poison the catalyst. Addition
it essentially involves the hydrogenolysis of the C—Cl bond of a second metal capable of performing this function has
using a catalyst (RC—GF H, —~ RC—H+ HCI). This reac- proved to be an effective solution and research has shown

tion has distinct advantages over more traditional methodsthat CuPd binary alloys are particularly good catalysts for
of chlorinated waste disposal: the hydrocarbon products canthe reaction, exhibiting superior activity and selectivity to
be recycled as fuel or chemical feedstocks, the HCI can bee€ither of the pure componenf$3]. To gain a detailed in-
separated and neutralized, and harmful products like CI Sight into the physical basis for the enhanced activity and
COCh, or chlorocarbon fragments are not produd@il gelectivity of Cu.Pd bimgtallic catalysts, we have been stydy—
Of the many materials tested as potential catalysts for this N9 the adsorption of simple chloroethenes on well-defined
reaction[3,6—12] Group VIII transition metals have been Pd(110)14], Cu(110)15-18] and CuPd(110)19-21]sur-

: . . faces. With this systematiparoach and with detailed com-
found to be the most suitable in terms of activity, selec- : . o
parisons, an understandingtodw the initial reactant mole-

cular structure and metallic composition of a surface direct
the reaction pathway can be formulated.
* Corresponding author. The adsorption and reaction of chloroethenes have been
E-mail address: r.raval@liv.ac.ukR. Raval). studied on the Cu(110j15-18] Cu(100)[22], Pt(111)
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[23-25] Pd(100)[26], Pd(110)[14], and CuPd[27-29] of trans-1,2-dichloroethene, mass 61, whose profile is iden-
surfaces. The adsorption dfans-1,2-dichloroethene on tical to that of the parent ion of mass 9&C! isotope).
Cu(110) and Pd(110) surfaces is briefly reviewed as it is A number of additional masses were also monitored for
directly relevant to this work. The reaction t¢fans-1,2- desorbing reaction products, particularly finass 2), HCI
dichloroethene on Pd(110) shows complex changes as amass 36 and 38 in a 3:1 intensity ratiogH; (mass 26),
function of substrate temperature and reactant coveragewhich are products observed from reaction todns-1,2-

for which five distinct reaction regimes have been identi- dichloroethene on Pd(110), and benzene (mass 78) which is
fied [14]. At low temperatures (85-130 Regime|), intact produced from the trimerisation reaction on Cu(11Dj].
molecular adsorption is observed in both the monolayer and Since mass 26 is also a cracking fragment of the parent
the multilayers. Above this temperature decomposition is molecule this signal contribution was subtracted to evaluate
observed from the onset of adsorption and the nature of theacetylene production. The gnteaction products detected
surface and desorbing species is critically affected by the up-in the gas phase during the experiments wereGiH>, and

take and temperature. Between 180 and 22®Régime 1), HCI, and therefore, only these product traces are shown.
initial total decomposition is followed by selective dechlo- The XPS spectra were collected on a separate system us-
rination to produced adsorbeatetylene. Evolution of gas-  ing Al-K, (1486.6 eV) radiation of 140 W power (14 kV
phase products starts at 250 K, and for low uptake valuesanode potential and 10 mA ession current). A multichan-
over the temperature range 250-675Redime 111) Hy is nel HA100 VSW hemispherical analyser with an energy
liberated into the gas phase. At high uptake values betweenresolution of~ 2 eV was used for analysis of the photoelec-
250 and 360 K Regime 1V) CH, and HCI are the main  trons. Experiments were carried out following the Pd,3d
desorbing reaction products. Finally,RegimeV, a pseudo- Cu 22, Cl 2p, and C 1s peaks, and the elemental bind-
steady-state evolution of gaseous HCI is observed, whiching energies quoted are referenced to the Rgh3tbre level
begins at 390 K for high uptake values or above 670 K from at 334.9 eV from the clean CuPd(110) surface, which did
the onset of adsorption. These changes in the reaction benot shift during the experiments. The spectra have not been
haviour oftrans-1,2-dichloroethene on the Pd(110) surface deconvoluted due to the inherent complexity of the system,
were attributed to dynamic changes in (i) the ability of the i.e., the two-phase binary alloy surface and the variety of
surface to dissociate C—H and C—CIl bonds and (ii) in the dissociation products. They are simply used to support the
barriers to product evolution as the temperature and surfaceexperimental data from the other techniques to confirm the
contamination of the system are varied. extent of dissociation.

The reaction oftrans-1,2-dichloroethene on Cu(110) The HREELS experiments were carried out at the CNRS
shows no desorbing HCI or chlorocarbon reaction prod- in Villeurbanne, using a ELS 3000 spectrometer (LK Tech-
ucts[17]. Below 170 K molecular adsorption is observed. nologies), with additional LEED and XPS facilities. The
A competing molecular desorption and dehalogenation proc-HREELS spectrometer consists of a rotating cylindrical
ess begins at 170 K, in which a self-poisoning reaction double-pass monochromator and a cylindrical double-pass
leads to desorption of intacholecular species at 171 and analyser. Experiments werearried out with an incident
260 K, while the competing dechlorination reaction pro- electron beam energy of 5 eV, a resolution~of3—4 meV,
duces adsorbed acetylene, which trimerizes above 285 Kand recorded in thepgcular directiond; = 6y = 60° from
into adsorbed benzene. The benzene is stabilised on the surthe surface normal). In these HREELS experiments the
face by coadsorbed Cl atoms and starts to desorb from thechromel-alumel thermocouple was attached to the sample
surface above 320 K. holder, and not directly to the sample itself, as in our other

In this paper we report on a comprehensive study of experiments; this may result in a discrepancy of u &) K
the adsorption and reaction dfans-1,2-dichloroethene  between these experiments.
on CuPd(110), using molecular beam adsorption reaction All experiments were conducted on a 50:50 CuPd(110)
spectroscopy (MBARS), temperature-programmed desorp-single crystal, an oval disk 8 by 5 mm in size and 1.5 mm
tion (TPD), reflection absorption infrared spectroscopy thick. Sample cleanliness was confirmed by a sharp LEED
(RAIRS), high-resolution electron energy loss spectroscopy pattern prior to molecular beam and RAIRS experiments,
(HREELS), and X-ray photoelectron spectroscopy (XPS). while for XPS and HREELS experiments XPS survey scans

were run to monitor carbon, nitrogen, oxygen, and sulfur im-

purities. The CuPd alloy can exist in two phases in the bulk,
2. Experimental with an ordered bcc CuPd or a disordered fcgRudi struc-

ture. However, X-ray diffraction did not show the presence

Three separate UHV systems were used for this study. of the ordered bcc CuPd phase, which is expected only af-
The molecular beam and RAIRS system have been describeder very long annealing to just below 800[80]. It has been
in detail previously[14,17] Briefly, the IR spectra were  shown that different surface compositions of the alloy can be
recorded at 4 cm! resolution with coaddition of 256 scans  obtained by using different preparation proced8ds-34]
using an MCT detector (spectral range 4000-650 Hm As Cu is lighter than Pd, it is preferentially sputtered from
The uptake is shown for the most intense cracking fragmentthe sample in the cleaning prase However, as itis the com-
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temperature for the reaction tfans-1,2-dichloroethene on
CuPd(110). It is clearly evident frofig. 2 that the reactiv-

ity can be broadly categorised into two parts: Part | (85—
275 K), where molecular adsorption and dissociation are
observed, and where the only gas phase productris-1,2-
dichloroethene. In Part 1l (300-925 K) gas-phase products
from decomposition are observed and over this temperature
range three regions of different reactivity can be identified.
Therefore the data are accordingly described under these two
main parts.

3.1. Part|: Adsorption between 85 and 275 K

3.1.1. Adsorption at 85 K
a b Molecular beam data following the uptake toéns-1,2-
Fig. 1. The two ideal models proposed for thez@d(110) surface. In model dlghloroethene On_ the clean CUF’d(llO) surface at 85 K
(a) the surface terminates in a mixed Cu—Pd layer, with an all-Cu layer (Fig. 3 show continuous adsorption of the molecules in-
beneath and in model (b) the surface consists of a top layer of 100% cu dicating multilayer growth. The high sticking coefficient
atoms, and has a mixed Cu—Pd second layer. of 0.74 remains constant throughout and is consistent with
precursor-mediated adsorption, i.e., incoming molecules are
ponent of lower surface energy, it preferentially segregates totrapped into a weak bound precursor state in which they
the surface upon annealifgp]. Enhanced segregation of Cu  diffuse over the surface until they find an adsorption site.
occurs between 700 and 825[81,36] thus, it is expected  RAIR spectra taken at 85 KF{g. 4) confirm multilayer for-
that annealing the CuPd(110) sample beyond this temper-mation by the continual increase in intensity of the infrared
ature range creates a Cu-rishrface. In the experiments bands as the surface coveragetrains-1,2-dichloroethene
presented here the CuPd(110) sample was cleaned by numeincreases. There is no clear distinction between the IR
ous sputter cycles at 300 and 573 K (500 eVF AT pA) and bands for the monolayer and itilayer. The bands present
then annealed to 923 K for 1 min, in order to obtain a Cu- in the multilayer Fig. 4c) correspond closely to the most
rich surface[31-33] Two ideal models of the G#d(110) intense infrared bands observed for gas-phaaes-1,2-
phase have been propod&d], in the first Fig. 1a) the top dichloroethene in the spectral range 4000-650 tifTa-
layer consists of mixed Cu—Pd rows and the second layerble 1) and show a similar intensity distribution to that ob-
contains pure Cu atoms, while the second moé&#.(1b) tained fortrans-1,2-dichloroethene adsorption on Pd(110)
consists of an all-Cu top layer with a mixed Cu—Pd layer at 85 K [14]. At this temperature the molecules are rela-
beneath. Theoretical calculatiofd8] show that the sur-  tively weakly perturbed by the CuPd(110) substrate. The
face layer containing 50% Cu and Pd atoms is a little bit dominance of the out-of-plang(CH) band at 906 cm'
more stable by 2 kJ mok. A medium energy ion scattering  and the weakness of the in-plangc—Cl) ands(C—H) bands
(MEIS) study of the clean CuPd(110) surface after an identi- at 809 and 1197 cmt, respectively, suggest a general (but
cal preparation proceduf#9,21]showed a Cu-rich surface, not strict) orientation in which the molecular planes are
with a measured top layer composition ofdggicss(110), in parallel to the metal surface, as also seentfans-1,2-
good agreement with results obtained using low energy ion dichloroethene on Pd(11(}4], Cu(110)[17], Pt(110), and
scattering after a similar preparation treatmf@®]. There- Pt(111)[23,25] surfaces. Upon warming, TPD dafég. 5)
fore, the actual PdCu(110) surface may consist of both Cu- show multilayer desorption to occur at 134 K. Masses 70
terminated and mixed Cu€Rerminated terraces. (Clp), 141(PdCl), and 176(Pdg)lwere also monitored dur-
Thetrans-1,2-dichloroethene (Supelco, 99% purity) was ing the TPD experiments; however, none of these species
purified using freeze-pump-thasycles prior to use and its  were detected, and the only other desorbing product was hy-
purity was confirmed on admission into the chambers using drogen Fig. 5d).
mass spectrometry. For IR, HREELS, and XPS experiments
it was dosed from the background through a conventional 3.1.2. Molecular adsorption in the monolayer and partial
leak valve. (1 L= 107° Torrs.) dechlorination: 165 < T < 275K
3.1.2.1. Adsorptionat low temperatures(165-175K). The
uptake profile measured at 165 K is also showrfrig. 3;
3. Resultsand discussion at this temperature the surface saturates after approximately
50 s of beam exposure; for the purposes of this paper this
The data from all our experiments have been summarisedis taken to be the saturated monolayer coverage. Although
schematically in the reaction phase diagrarf&ig. 2, show- a slightly lower sticking probability is observed than at
ing both adsorbed and desorbing species as a function of85 K (0.70 cf. 0.74), the uptake profile is consistent with
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Fig. 2. Reaction phase diagram showing the reactivityrarfs-1,2-dichloroethene on CuPd(110) as a functai temperature and reactant uptake on the
surface.

precursor-mediated adsorption. No product evolution into ated with the fundamental molecular vibrations expected for
the gas phase occurs at this temperature. trans-1,2-dichloroetheneT@able ). The bands at 1720 and
The species adsorbed on the surface have been char2030 cnt! are due to small amounts of CO produced from
acterised using HREELS. The spectra were recorded asbackground adsorption. The band at 440¢nis attributed
a function of increasing exposurkig. 6 shows the EEL  to metal-carbon stretching vibrati¢#0] of a species pro-
spectra recorded after exposures of 1 and 10 lrarfis- duced through the initial decomposition of some of the
1,2-dichloroethene at 180 K. The advantage of HREELS molecules upon adsorption. The close correlation of the
over RAIRS is the ability to measure in the low-frequency observed frequencies with gas-phase values demonstrates
region, where metal—Cl stretches lie, which enables directthat the majority of the molecules are not strongly per-
information about the onset of dechlorination processes to turbed upon chemisorption at 180 K and retain theipond
be obtained. The spectrum recorded after 10 L exposurecharacter. In contrast, the spectrum recorded after an ex-
(Fig. 6b) is clearly that of the molecular species, with bands posure of 1 Ltrans-1,2-dichloroetheneRjg. 6a) shows no
between 250 and 3065 crh, which are mostly associ- bands which can be correlated with molecularly adsorbed
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Fig. 3. Molecular beam data for the adsorptiortrahs-1,2-dichloroethene

on clean CuPd(110) at 85 and 165 K. The beam of gas initially totally
reflects an inert flag and strikes the crystal at tifhe- 0, as the surface
saturates the signal recovers to the level off the inert flag.

CuPd(110) 85 K 906

3000 2500 2000 1500 1000
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proceeds dissociatively on ttseirface. Direct evidence for

dechlorination of the moledes is given by the weak band at  Fig. 4. RAIR spectra for adsorption ¢fans-1,2-dichloroethene adsorbed

295 cm‘l, assigned to the metal—chlorine stretching vibra- on clean CuPd(110) at 85 K as a function of increasing exposure.

tion [14-16,40] while the loss peak observed at 435¢his

attributed to a metal-carbon stretching vibratjd]. Fur- tures between 640-700, 915-940, and 1300cf1]. This

ther evidence in support of both dissociated and molecular suggests that if acetylene is produced it decomposes further

species being created on the surface at low temperature ior that it is not an intermediate in the decomposition process

provided by XPS data, where C 1s and Cl 2p peaks showat this temperature. The small peak at 1160 &mannot

contributions from the intaanolecular species and from a be assigned at this stage. A number of other decomposi-

dechlorinated species, discudse detall in the next section.  tion products can be suggested; for example, Yoshinobu et
It is interesting to note that the vibrational spectra do al. [42] report the formation of an ethynyl (CCH) species

not show the presence of surface acetylene which may beon Pd(110) at 180 K following adsorption of low exposures

expected from a simple deldnination mechanism, as ob- of acetylene. However, none of the bandsFig. 6a can

served for the interaction ofrans-1,2-dichloroethene on  be assigned to adsorbed ethynyl species or to other com-

Cu(110) and Pd(110) and characterised by vibrational fea-mon decomposition products of acetylene such as vinyli-

Table 1
Vibrational assignments for gas- and liquid-phassans-DCE [48] and frequencies observed on clean CUR@j at low temperatures during RAIRS and
HREELS experiments, described in Part | (a) and (b)

Assignment Normal mode description ifuid/gas-phase frequency Observed frequencies (cmh) on CuPd(110)
(gas phase) (cm™) [48] RAIRS 85 K HREELS 180 K
v1(Ag) vs(C—H) 3073 (R) 3065

v2(Ag) v(C=C) 1578 (R) 1580

v3(Ag) 35(C-H) 1274 (R) 1270

va(Ag) vs(C—Cl) 846 (R) 840

us(Ag) 8s(C-Cl)+ 85(C-H) 350 (R) 350

vg(Au) ys(C—H) 895 (IR) 906 905

v7(Au) ¥s(C-Cl)— 85(C-H) 227 (R)

vg(Bg) 7(HCIC=CHCI) (molecular torsion) 763 (R) 770
vg(Bu) vagC—H) 3080 (IR) 3065
v10(Bu) 8ag(C—H) 1200 (IR) 1197 1200
v11(Bu) vagC—Cl) 817 (IR) 809 807
v12(Bu) 8agC—Cl) + ag(C-H) 250 (IR) 250

v, stretch;s, in-plane bendy, out-of-plane bendt, torsion; s, symmetric; as, asymmetric; R, Raman active; IR, Infrared active.
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trans-1,2-dichloroethene onto CuPd(110) at 180 K. Bands between 1720
Fig. 5. TPD results taken directly after the molecular beam experiments and 2100 cm! are due to adsorbed CO impurity.

shown inFig. 3 (a) After exposure at 85 K, (b) exposure at 165 K, (c) ex-
pansion of 85 K data showing desorption tail of multilayer and, (d) H
evolution after both adsorption temperatures. Cl (2p) C(ls)

dene (G=CHy) or ethylidyne (CCH) specied41-43] We, 295 K
therefore, suggest that on CuPd(110) the decomposition of o
the molecules upon initial adgaiion has proceeded further, 275K

yielding some GH, fragment on the surface. 75

2

255K
3.1.2.2. Adsorption between 165 and 275 K. The TPD

data from a saturated overlayer formed at 165Hg( 5b) 7

4l

7
(RNN S

215K

o
=
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~

show two molecular desorption states at 180 and 255 K.
For additional information on the dissociation/desorption
process, XPS spectra of the C 1s and Cl 2p regions were
recorded after adsorption of a saturated monolayer formed
at 175 K and after warming to 215, 255, 275, and 295 K A
(Fig. 7). At 175 K, the Cl 2p core level scan shows two AR RARE AN SRR RRRN R UL LN
distinct ClI components, a dominant peak at 201.3 eV and 194 196 ,19$ 200 202 204 206 278 282 286 290 294
. . L . Binding Energy / eV Binding Energy / eV
a smaller contribution at 198.6 eV, indicating the presence
of two different states of chlorine on the surface. Each peak ig. 7. x-ray Photoelecon (XP) spectra obtained following (a) the CI 2p
consists of a doublet of the Cl 2p and 2p,2 core lines. and (b) C 1s peaks, after exposure of 4@rans-1,2-dichloroethene onto
For the higher binding energy doublet, only the;2dine at clean CuPd(110) at 175 K and subsequent warming.
201.3 eV is discernible, while the 2p line, expected about
1.15eV higherin energf25], is just visible as a broad shoul-  located at 198.6 eV, which, through comparison with binding
der on the high energy side of thezg2zppeak. The binding  energies reported for the adsorption of chlorine gas on the
energy of the Cl 2p, core level at 201.3 eV shows good Pt(111) surfac¢44], can be attributed to the CI 2p line of
agreement with those reported for adsorbed chlorocarbonsadsorbed Cl atoms on the CuPd(110) surface. Thg2ipe
on Pd(100)26], Pt(111)[25,44], and Pt(110]25] surfaces of this Cl 2p doublet is not resolvable in the spectrum as it
and can, therefore, be assigned to the chlorine atoms of thes hidden by the intense Cl 2 peak of the chlorine on the
intact trans-1,2-dichloroethene. An indication of some ini- intact molecules. The C 1s core level scan obtained at this
tial dechlorination is revealed by the presence of the peaktemperatureKig. 7b) can also be resolved into two peaks:

175K

clean

X

M clean

5
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a dominant peak at 286.6 eV and a smaller peak at 284 eV.ity of the CuPd(110) surface is similar to that observed on
Since Cl substituents in adsorbed hydrocarbons are known toPd(110)[14]; however, differences are noted in the behav-
shift the binding energy of the C 1s core level to higher val- iour at high uptakes. On Pd(110) deposition of adsorbged C
ues, these two peaks can be assigned, respectively, to carboand Cl species leads to inhibition of C-H and C-C bond
in moleculartrans-1,2-dichloroethene and carbon from an cleavage, but dissociation of the C—Cl bonds remains un-
adsorbed hydrocarbon species, produced through decompoaffected and adsorbed acetyk is produced, which disso-
sition[25,26,44,45]The combination of HREELS and XPS ciates/desorbs above 250 K. On Cu(110) the decomposition
data indicates that the saturated monolayer formed at 175 Kexclusively produces an adsorbedodidli--bonded acety-
mainly consists of intact molecules, and that only a fraction lene species between 220 and 266 K, above which it begins
of the molecules undergo C—CI bond cleavage to give ad- to trimerise into benzene. Thefore, over this temperature
sorbed chlorine and an intermediate hydrocarbon species. range the chemistry of the alloy differs from that of the indi-
As the sample is warmed to 215 and 255 K the GJ,2p  vidual metals in that if the acetghe intermediate is formed
peak at 198.6 eVHKig. 7a) grows in intensity, while the it is not stabilised to the same extent.
higher binding energy 2, line due to intact molecules
decreases. This indicates dissociation of C—Cl bonds and3.2. Part Il: Adsorption and reaction between 300 and
is further confirmed by the growth of the 284 eV feature 925K
in the C 1s spectrumrHg. 7b). Finally, further heating to
275 K results in the almost complete attenuation of the C 1s  The extent of dissociation above 300 K has been followed
peak at 286.6 eV and Cl g component at 201.3 eV, as-  using a combination of HREELS and XPS, both of which
sociated with the intadtans-1,2-dichloroethene molecules, show that the reaction dfans-1,2-dichloroethene with the
suggesting that desorption/dechlorination of the majority of alloy surface above 300 K leads to the complete dissociation
molecules has occurred by this temperature. of the molecules. After a saturation exposure at 300 K, the
These XPS data suggest that the molecular desorptionXP spectra of the Cl 2p region show a main peak at 198.4 eV
profile observed irFig. 5o is due to competitive desorp-  with a shoulder at 199.9 eVF{g. 8a) consistent with the
tion/dechlorination processevhich occur with increasing  presence of only atomic ¢44]. Similarly in the C 1s region
temperature. Thus some molecular desorption is first seen(Fig. 8b) a peak at 283.8 eV demonstrates that no chloro-
to occur at 180 K in the TPD, while XPS data obtained at carbon is present on the surface. The HREEL spectrum af-
175 and 215 K reveal that this desorption process is accom-ter a saturation exposure at 300 Rig. 9 shows a dom-
panied by dechlorination of some of the remaining adsorbedinant loss peak at 320 cm. This is assigned to(M—Cl)
molecules, presumably atehvacant sites produced by the of atomic Cl on the alloy surface. The frequency of this
desorbing molecules. XPS data also reveal that a substantiaband can be used to determine to which of the two metals
molecularly adsorbed phase remains and we suggest that Cbn the alloy surface the Cl is bond¢28]. The v(M—CI)
atoms created in the dechlorination process serve to stabilise
remaining molecules of intattans-1,2-dichloroethene, pre-
venting their further desorption/decomposition. As a result,
the rate of desorption and, ee, dechlorination decreases Cl(2p) C(s)
until higher temperatures, resulting in a second molecular

desorption state at 255 K. At this temperature XPS data 715K
record an increase in dechloation of the remaining mole- 675 5K
cules, leaving adsorbed Cl and other hydrocarbon fragments

on the surface. We note that slar self-poisoning desorp- p—

tion/dissociation behaviour has been previously reported on

the Cu(110) surface following reaction with a variety of

chloroethenefl 7]. Unfortunately on the CuPd(110) surface

no conclusive spectroscopic evidence is available to iden-

tify the hydrocarbon decomposition products. No chlorine-

containing desorption products desorb from the surface, and 300 K|

the adsorbed Cl remains bound to the CuPd(110) surface up 300 K

to 600 K. clean| [ty
To summarise the adsorption between 165 and 275 K, we W"’Wv’\’\“

conclude that in the early ages of adsorption, the mole- RN RN RARN AR AR e e A A LA

cules oftrans-1,2-dichloroethene decompose at the surface 196 198 200 202 204 206 278 282 286 290 294

to produce C, Cl, and @, species. However, as adsorp- Binding Energy / eV Binding Energy / eV

tion proceeds, the surface activity is suppressed by C, Cl,Fig. 8. xps data obtained following adsorption of 40ttans-1,2-

and GH, accumulation, inhibiting dissociation and lead- dichloroethene on CuPd(110) surface at 300 K and subsequent thermal

ing to intact molecular adsorption. The initial high activ- treatment, following (a) the Cl 2p and (b) C 1s peaks.

w & ??%\l
P ~ ~
D D [
A ) ~ ~

?d 3
~ =~




40 L.H. Bloxham et al. / Journal of Catalysis 227 (2004) 3343

wﬂm%w 353K
600 5 B
300 [ Jaxi0™ d) Mass 26 (C2H2)
5 600K b 300 K
= i PR S PGS [PV Ol P, IO (SN
S 400 320
gz 873 K
Q
k=
200-
300 K i 300-573 K

0 500 1000 1500 2000 2500 3000 3500
b) Mass 2 (Hz)

Energy Loss / cm'!
Fig. 9. HREEL spectra obtained following adsorption of 1@rans-1,2- M
dichloroethene onto clean CuPd(110) at 300 K and after warming to 600 K. - §3K
B 673 K
frequency has been measured to be 270 and 315 dar
atomic Cl produced from the decomposition todns-1,2- ST3K
dichloroethene on Pd(110) and Cu(110), respectively. There- ﬁ"mw%zin K
fore, it would appear that thel @oms created in the dechlo- ;*JL%h
rination process preferentially bind to the Cu atoms on the S L B 423K
alloy surface. This supports previous MEIS results for this P e s e L0l

system, which showed an enrichment of Cu atoms in the top- Bl i P R U R A e

most layer, and a concomitant decrease of Cu in the second 300K 573K
layer. This dynamic interchange in the Cu content between
the top two layers suggests that to some degree the alloy E /

673-925 K
]

composition is maintained as Cu—Cl islands grow. From a sl

simple thermodynamic point of view this process is driven i

by the higher enthalpy of Cu—Cl bond formation compared B ‘

to Pd—Cl bond formationA H; (Cu—Cl)= —328 kJ mot?® | 12"10“ a) Mass 61 (Uptake)

and AH; (Pd—Cl)= —271.7 kmot! [46]). Detailed theo- J

retical DFT calculations show that the mechanism for this T T L
. . . S -80  -40 0

derives from the adsorption geometry in the transition state

prior to decomposition, where strong Pd—C and Cu—Cl bonds

are formed27-29] Importantly the preferential formation  Fig. 10. Molecular beam data ¢fans-1,2-dichloroethene on CuPd(110)

of Cu-Cl islands indicates that the Pd sites in the alloy are measured between 300 and 925 K. Thegpess of the reaction is followed

kept free of Cl and, therefore, should show different reac- ;‘;;”Sq:f;’;f:;spr;f'(';g;gf)’ﬂgf?ﬂg;f;sgm:s;gi)(n:;‘;e;’g)'“;r‘;” of

tivity to that observed on Pd{110} at high uptake values only shown at temperatures where changes are observed.

when coadsorbed CI significiy affects the surface chem-

istry. We have investigated if the reactivity of the CuPd alloy

is changed in this manner by following the desorption prod- second, above 355 K, only desorbing id observed, and fi-

ucts in temperature-dependent molecular beam experimentsally above 670 K a pseudo-steady-state reaction producing

on the alloy surface and comparing these to those previouslyHCI begins. We note that in these experiments no benzene

measured on Cu{110} and Pd{110} surfaces. was observed, which is produced with high selectivity from
The molecular beam data measured between 300 andhe trimerisation of the acetylernintermediate from the reac-

925 K (Fig. 10 show that the uptake and product evolu- tion oftrans-1,2-dichloroethene on Cu(110), thus excluding

tion into the gas phase is stigly temperature dependent. chemistry from Cu-rich terraces. To understand the influence

Over this temperature range the initial sticking coefficient of Cu and Pd in the alloy surface on the mechanisms re-

changes slightly from 0.64 to 0.55 and the uptake, which sponsible for the evolution of these products we proceed by

at 300 K is 60% of that measured at 165 K, now increases comparing the results from the alloy with those observed on

above 475 K. The reactivity can be broadly categorised into Cu(110) and Pd(110Fig. 11shows a schematic summary

three temperature regimes. The first, between 310 and 355 Kof all the species observed from the reactiortrahs-1,2-

shows the simultaneous evolution of tdnd GHo. In the dichloroethene on Cu(110), Pd(110) and CuPd(110) surfaces

————
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Time / Seconds
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Fig. 11. Schematic summary of adsorbed and desorbing species from the reattéms-@f2-dichloroethene on CuPd(110), Pd(110), and Cu(110) surfaces.

between 100 and 800 K, and includes both adsorbed and des- |
orbing species I 1x1072

mass 2 (Hz)

a) CuPd(110)

3.2.1. 300-355K: Reaction with H> and CoH> evolution

The data over the small temperature range of 300—-350 K 15526 (C H 5
show a set of differences for the CuPd surface with respect to | BEE2EICH,) :
the pure metals and provide some insight into how these met- 5

als direct the surface chemistry on the alloy surf&dg. 12 mass 6
shows in detail the molecular beam data measured at 300 K,
together with our previous results from Pd(110). The reac-
tion on the Cu(110) surface showed no desorbing products . }
at 300 K (and therefore the data are not shown), although w
adsorbed benzene produced by the trimerisation of acety- . ;
lene was observed with RAIRS. The data from the Pd(110) 5 L N S el
surface were interpreted as follows. Initial total decomposi- - mass 26 (C,H) } :
tion at 300 K leads to recombinativeoHlesorption. After & e ; ;

.\ . . mass 61 : .
a critical uptake, adsorbed,8, and Cl species poison the i} ; :
surface toward further C—H bond cleavage. This results in M
a change of decomposition mechanism leading to the pro- :[1“0'” ; E
duction of gaseous4El, and HCI, the latter formed by the i R TR W WA WAk Rea i
reaction of surface H with Cl (either from the surface or from = =l & 2 0 40 o L

A . Time / Seconds

some reactive intermediate). In contrast, the CuPd surface
shows the simultaneous production of &hd GHo, but no Fig. 12. Comparison of molecular beam data for adsorptiotrasfs-1,2-
HCI. The evolution of H is only observed from the reac- dichloroethene on (a) CuPd(110) and (b) Pd(110) at 300 K.
tion of trans-1,2-dichloroethene with Pd(110), and is never
observed with Cu(110). This implies that over the tempera- beam data measured at 300 K can be interpreted as follows.
ture and coverage range wherg id observed as a reaction Initial interaction leads to total decomposition into atomic
product from the alloy surface, Pd atoms must be presentH, Cl, and C, the Cl preferentially reacting with Cu to form
in the topmost layer and that their activity toward breaking Cu—Cl islands. After a critical coverage of these species the
the C—H bonds is relatively unchanged by alloying with Cu, atomic H is destabilised and desorbs, and there is a change in
in agreement withecent DFT calculation7-29] There- the reaction mechanism wheoaly dechlorination occurs,
fore, using the results fromXS and HREELS the molecular  producing acetylene which imrdetely desorbs. Eventu-

et P T o o b e e ey
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reaction kinetics on CuPd(110) are entirely different due to
J\%M the preferential reaction of Cl with Cu, and it is the stabil-
vl mass 2 ity of the Cu—Cl surface layer that determines the uptake
— and reaction products. It should be noted that in the case
T of the Cu(110) the sticking probdity, and hence acetylene
6_@ . production, rapidly diminishes above 500 K, whereas it is
i s unchanged for Pd(110). The uptake increases significantly
2 54 P mass 26 above 400 and 573 K for Pd(110) and CuPd(110), respec-
S [ bt S i tively. As H, is the only desorption product above 355 K
" mass 61 : .
= e e the increase in uptake above 573 K on the alloy suggests a
&1 L_/» change in the surface composition of the C and CI conta-
e b) Cu(110) minants. The XPS data of the Cl 2p region after saturation
& 34 of the surface at 300 K and annealing to higher temperature
2 /’ (Fig. 8a) show that as the temperature is raised above 575 K
= | \\MMMWWW% the intensity of the Cl 2p lines due to adsorbed chlorine at
o W 198.4 and 199.9 eV decreases in intensity, indicating a re-
POt i o S8 36 duction in surface chlorine. The HREEL spectra also show
NIW a reduction of the/(C—Cl) peak at 310 cmt peak Fig. 9).
17 ML The mechanism for this is not clear as we are unable to detect
mw/*’ . any Cl-containing desorption products; one possible expla-
i - ,‘,),lf](ll,l(,)), s nation is diffusion of Cl into the bulk. In contrast, the C 1s
-50 0 50 100 150 200 250 spectrum Fig. 80) shows no change over this temperature
Time / Seconds range, which indicates thatehcarbon overlayer formed at

Fig. 13. Comparison of molecular beam data for adsorptiotrasfs-1,2- 300 K'is relatively more stable.
dichloroethene on (a) CuPd(110), (b) Cu(110), and (c) Pd(110) at 425 K.
3.2.3. T > 670K: Reaction with HCI evolution

ally, the reaction is terminated as the surface is poisoned with ~ Above 670 K, HCl evolution is observed. At 673 K, the
contaminants left behind from the decomposition process. initial Hz production gradually gives way to HCI produc-

The above results appear to indicate that the decomposi-tion, similar to that observed on Pd(110) at 300 K. At 825 K
tion of the hydrocarbon skeleton is mainly at Pd sites and @ pseudo-steady-state reaction occurs on the CuPd(110) sur-
the activity of the Cu is suppressed by its reaction with Cl to face in which incoming molecules are continually converted
form Cu_C'_ Add|t|0na| Support for th|s comes from com- to HCI, with a Considerable increase in uptake Of the reac-
parison of higher temperature data from Cu, Pd, and CuPdtants on the surface. We note on Pd(110) that this process
(110) surfaces, e.g., at 425 Ki@. 13. At this temperature IS observed to start much earlier at 410 K. The absence
if Cu chemistry were sustaéu then some acetylene would ©f carbon-containing desorption products suggests that the
be observed. Instead onlysHs observed throughout the —€xcess carbon produced from the decomposition over this
uptake F|g 1@)' which is very similar to the result from temperature range must be absorbed into the bulk. The dif-
Pd(110) Fig. 1%), albeit with the absence of HCI. Between ference between the pure Pd and the alloy surface is the
355 and 673 K, the desorbingHppears from the onset of ~ stability of the CI: on Pd it readily reacts with H to form
adsorption and continues throughout the uptake, as in thisHCI, whereas on the alloy the ClI preferentially binds to the
temperature range atomic H is not stable on the surface andCU, and thus the stability of the Cu—Cl determines the like-

desorbs as Himmediately on formation. lihood of any further reaction. For example, on Cu(110), the
reaction mechanism with 1,1afiloroethene is significantly
3.2.2. 355 < T < 670 K: Reaction with Hy evolution different than with 1,2-dichloroethene in that it totally de-

Between 355 and 670 K only hydrogen is evolved from composes, and the atomic H and CI react to produce HCI
the surface, which is unusual with respect to the reactivity of above 650 K47]. Therefore, under these conditions Cu—Cl
Cu(110) and Pd(110) surfaces, as showifrig 13 for ad- can be reduced by the presence of atomic H, which is clearly
sorption at around 425 K. On the Pd(110) surface after the produced as a decomposition product on the alloy surface. It
initial H» evolution of HCI is observed, while on Cu(110) has previously been reported that above 700 K enhanced Cu
only acetylene is observed over the entire uptake. The pro-segregation occuf81,36] leading to nearly all the atoms in
duction of HCI on Pd(110) only starts after significant ac- the top rows of the (110) surface to be Cu, while the atoms
cumulation of C and CI contaimants, which act to lower  inthe troughs are Pd. Therefore, for the dissociative reaction
the activation energy barrier for HCI formation and desorp- that we observe here, there is either a significant number of
tion [14]. Importantly, experiments with preadsorbed C and Pd atoms remaining in the topmost layer or the Pd atoms
Cl on Pd(110) showed that whereas C inhibited HCI pro- in the troughs are readily accasi for reaction with the
duction, preadsorbed Cl promoted its productjib4]. The incident molecules. Although, we do note that unlike the re-
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action on Pd(110) true steady state is not achieved as the [5] C.w. Chen, A.J. Gellman, Catal. Lett. 53 (1998) 139.
uptake gradually decreases, presumably due to a lack of Pd [6] G. Rupprechter, G.A. Somorjai, Catal. Lett. 48 (1997) 17.

sites due to changes in surface composition caused by exten
sive Cu segregation.
4. Overall conclusion

In summary, the adsorption and reactiontadns-1,2-
dichloroethene on CuPd(110) between 85 and 923 K has

been shown to be strongly temperature dependent. Decom-

position begins in the early stages of adsorption at 180 K,
and is found to be temperature and coverage dependen
due to the availability of surface sites and stabilisation by

coadsorbed CI produced from initial decomposition. Above

300 K the main desorbing reaction products agg EHo,

and HCI, the ratio of these again being dependent on surface

coverage and temperature. Between 300 and 355 K initial
adsorption onto the alloy swate leads to total decomposi-
tion to yield H, Cl, and ¢ species. With increasing uptake
the H atoms combine and desorb as End the decompo-
sition mechanism changes to produce acetylene through se
lective dechlorination, which desorbs on formation. Between
355 and 675 K total decomposition is observed leading to the
exclusive evolution of b, the reaction of H and CI to pro-
duce HCI only begins at above 670 K. The Cl preferentially
binds to the Cu atoms, which leads to dynamic changes in
the composition of the alloy surface with segregation of Cu
from underlying layers to the surface. This results in signif-
icantly different reaction chmistry than that observed with

_[7] E.R. Ritter, J.W. Bozzelli, A.M. Dean, J. Phys. Chem. 94 (1990) 2493.
[8] A.H. Weiss, S. Valinski, J. Catal. 74 (1982) 136.
[9] V.N. Romannikov, K.G. lone, Kinet. Catal. 25 (1984) 75.

[10] C.F. Ng, C.K. Chan, J. Catal. 89 (1984) 553.
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P. Bailey, J. Phys. Chem. B 105 (2001) 2766.
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brook, S.R. Bare, D.A. Fischer, J.L. Gland, Surf. Sci. 380 (1997) 151.
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the pure metals. These results are entirely consistent with re{28] Y. Jugnet, J.C. Bertolini, L.A.M4. Barbosa, P. Sautet, Surf. Sci. 505

cent DFT calculationf27—29] which show that the decom-
position of chloroethenes is at Pd sites on the alloy surface,
the reactivity of which is similar to that of the Pd(110) sur-
face. However, unlike the reaction on the Pd(110) surface
HCI production is only observed above 670 K; this is at-
tributed to the stability of Cu—Cl below this temperature.
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