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Ultrahigh vacuum and high-pressure coadsorption of CO and H 2
on Pd „111…: A combined SFG, TDS, and LEED study

Matthias Morkel, Günther Rupprechter,a) and Hans-Joachim Freund
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Department of Chemical Physics, Faradayweg 4-6,
D-14195 Berlin, Germany

~Received 17 June 2003; accepted 26 August 2003!

Sum frequency generation~SFG! vibrational spectroscopy was carried out in conjunction with
thermal desorption spectroscopy, low-energy electron diffraction, and Auger electron spectroscopy
to examine the coadsorption of CO and H2 on Pd~111!. Sequential dosing as well as various CO/H2

mixtures was utilized to study intermolecular interactions between CO and H2. Preadsorbed CO
effectively prevented the dissociative adsorption of hydrogen for CO coverages>0.33 ML. While
preadsorbed hydrogen was able to hinder CO adsorption at low temperature~100 K!, hydrogen was
replaced from the surface by CO at 150 K. When 1:1 mixtures of CO/H2 were used at 100 K,
hydrogen selectively hindered CO adsorption on on-top sites, while above;125 K no blocking of
CO adsorption was observed. The observations are explained in terms of mutual site blocking, of a
CO–H phase separation, and of a CO-assisted hydrogen dissolution in the Pd bulk. The
temperature-dependent site blocking effect of hydrogen is attributed to the ability~inability! of
surface hydrogen to diffuse into the Pd bulk above~below! ;125 K. Nonlinear optical SFG
spectroscopy allowed us to study these effects not only in ultrahigh vacuum but also in a
high-pressure environment. Using an SFG-compatible ultrahigh vacuum-high-pressure cell, spectra
of 1:10 CO/H2 mixtures were acquired up to 55 mbar and 550 K, with simultaneous gas
chromatographic and mass spectrometric gas phase analysis. Under reaction conditions, CO
coverages>0.5 ML were observed which strongly limit H2 adsorption and thus may be partly
responsible for the low CO hydrogenation rate. The high-pressure and high-temperature SFG
spectra also showed indications of a reversible surface roughening or a highly dynamic~not
perfectly ordered! CO adsorbate phase. Implications of the observed adsorbate structures on
catalytic CO hydrogenation on supported Pd nanoparticles are discussed. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1619942#
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I. INTRODUCTION

In order to gain information on adsorbate structu
present under atmospheric pressure we have recently in
tigated the adsorption of CO on supported Pd nanoparti
and Pd single-crystal surfaces over a wide range of pres
and temperature.1–3 Using sum frequency generation~SFG!
vibrational spectroscopy, CO adsorbate structures w
monitored from ultrahigh vacuum~UHV! up to 1 bar and it
was shown that the high-pressure CO structures were id
cal to the corresponding high-coverage structures obse
under UHV ~with ‘‘regular’’ on-top, bridge, and hollow
bonded CO species!. Pre- and post-exposure analysis by lo
energy electron diffraction~LEED! and Auger electron spec
troscopy~AES! indicated the absence of strong changes
surface morphology and composition upon high-pressure
exposure. By combining high-pressure x-ray photoelect
spectroscopy~XPS! and SFG,4 a quantitative analysis of CO
coverages up to 1 mbar was performed and it was shown
even at high pressure CO dissociation was absent.

In spite of these results one has to keep in mind, ho
ever, that simple extrapolations from low to high press
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may still be incorrect, in particular at elevated temperatu
Low- ~UHV! and high-pressure gas exposures at a gi
temperature produce different surface coverages and, e
more important, different site occupations. For instance
300 K a COpressure of about 1000 mbar was necessary
reach saturation on Pd~111! while typical UHV studies
(1029– 1026 mbar) would be limited to a lower-coverag
range. Of course, high coverages can also be obtained u
UHV, but typically only at low temperature (;100 K),
which leads to another complication. The reduced mobi
of adsorbed CO at low temperature generates kinetically
dered adsorbate structures, different from the equilibri
phases obtained at high temperature and high pressure.
possible role of such nonequilibrium CO structures for c
talysis was discussed in Ref. 5. Consequently, one has t
very careful when transferring low-pressure results to te
nical conditions andin situ measurements are certain
preferable.6–8

In the present study we attempt to extend the picture
the coadsorption of CO and H2 on Pd~111!, both at low and
elevated~mbar! pressure. The CO–H2 interaction is not only
interesting from a fundamental point of view, but also
relevance for methanol synthesis and decomposition, s
the coadsorption of two or more species is an important
3 © 2003 American Institute of Physics
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tial step in heterogeneous catalysis. Under UHV, the S
spectra were complemented by LEED, AES, and thermal
sorption spectroscopy~TDS!, providing additional informa-
tion on the adsorbed overlayer.

Although CO/H2 is a relatively simple system, it exhibit
a complex behavior due to the large number of well-orde
CO structures on Pd~111! ~Refs. 2 and 3, and reference
therein! and the various states of adsorbed and absorbed
drogen. A number of effects have been observed in prev
studies: e.g., blocking of hydrogen adsorption by CO,9–11

segregation of CO and H into islands or formation of int
mixed layers,12 displacement of adsorbed H by CO,11,13–15

changes in the hydrogen desorption temperature upon
sorption of CO,11 formation of subsurface H and H
absorption,10,16–19 etc. A hydrogen-induced compression
CO and oxygen islands on Pd~111! was observed in recen
scanning tunneling microscopy~STM! studies by the Salm
eron group.20,21CO–H2 interaction was also studied on oth
metals:12 e.g., Pt,22,23 Ir,24 and Ni.25,26

The above-mentioned coadsorption studies were t
cally carried out by sequentially exposing the reactant m
ecules~i.e., dosing one type of molecule after the other!. This
may give rise to strong site blocking unless the coverage
the first molecule is kept very low. In contrast, in the cou
of a catalytic reactiona mixtureof reactant molecules typi
cally approaches the catalyst, which may lead to a very
ferent situation. Therefore, to address this issue, we h
employed both types of gas exposure~sequential dosing and
premixed gases! and, in fact, different adsorption site occ
pancies were observed. In order to identify adsorbate st
tures present during CO hydrogenation reactions, vari
CO/H2 mixtures were studied in the mbar range at tempe
tures up to 550 K. This is at least six orders of magnitu
higher in pressure than conventional UHV studies and cl
to conditions used for atmospheric pressure reactions
model or impregnated catalysts. In fact, adsorbate struct
different from those present under UHV were observed.

II. EXPERIMENT

A. SFG-compatible UHV-high-pressure cell

The experiments were carried out in a UHV surfa
analysis system combined with an SFG-compatible UH
high-pressure cell, as described previously.2,27The UHV sec-
tion ~base pressure 1310210 mbar) is equipped with LEED
AES, and TDS. The sample crystal is spotwelded to two
rods and can be resistively heated to 1300 K and cooled
liquid N2 to 85 K. For SFG spectroscopy, the sample is tra
ferred under UHV to the SFG cell which is equipped w
CaF2 windows. During this operation the sample holder
inserted into an arrangement of three differentially pump
spring-loaded Teflon seals separating the SFG cell from
UHV section, thus allowing experiments to be carried o
under UHV or at high pressure~up to 1 bar!. Gas phase
analysis during atmospheric pressure experiments is
formed by gas chromatography~with thermal conductivity
and flame ionization detectors! and mass spectroscopy. I
order to acquire SFG spectra under UHV, the SFG cel
Downloaded 25 Jul 2006 to 141.14.139.50. Redistribution subject to AIP
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equipped with its own turbomolecular pump, leak valve, a
ionization gauge~which are, of course, separated by ga
valves during high-pressure experiments!.

B. Vibrational sum frequency generation
spectroscopy

SFG spectroscopy has been described in a numbe
publications.28–35 Briefly, ~picosecond! laser pulses at a tun
able infrared frequencyv IR and at a fixed visible frequenc
vVIS are spatially and temporally overlapped on t
adsorbate/Pd~111! surface. When the IR frequency i
scanned over a vibrational resonance of the adsorbate
SFG signal is generated at the sum frequency (vSFG5v IR

1vvis). Plotting the SFG intensity versus the IR wave nu
ber results in a vibrational spectrum. Since SFG is not
lowed in media with inversion symmetry, the SFG signal
mainly generated by adsorbed species, while the centros
metric Pd bulk and the isotropic gas phase give only a sm
contribution to the signal. This guarantees an extreme
face sensitivity even in the presence of a high-pressure
For a description of the most important aspects of S
theory ~signal intensity, line shape, selection rules! we refer
to Refs. 2 and 35. The current SFG spectra were fitted
cording to Eqs.~1! and~2! in Ref. 2 and exact values of th
resonance frequency and linewidth are indicated in the sp
tra. High-pressure SFG spectra were corrected for IR
phase absorption as described in Ref. 2.

The laser setup consisted of a 50 Hz-Nd:YAG las
~1064 nm, 30 mJ/pulse, 20 ps!, followed by an SHG~second
harmonic generation! unit to produce 532 nm visible ligh
and an OPG-DFG~optical parametric generation and diffe
ence frequency generation! unit, which provided the tunable
IR light with a resolution of;5 cm21. Pulse energies ap
plied during the experiments were;200mJ for the visible
and ;50– 150mJ for the IR light~3–6 mm!. After passing
spatial filters~apertures! and spectral~edge! filters, the gen-
erated SFG light was detected by a photomultiplier. Ev
data point represents an average of 400 laser shots and
normalized to the incident IR and visible energies~typical
SFG spectra take about 20 min!.

C. Sample preparation and gas dosing

The Pd~111! surface was prepared by cutting and polis
ing, followed by sequences of flashing to 1250 K, Ar1 bom-
bardment~700 V at 531026 mbar, 5mA current!, annealing
to 1250 K, and oxidation between 1200 and 600 K in
31027 mbar O2, followed by a final flash to 1200 K. The
surface structure and cleanliness of Pd~111! were confirmed
by LEED, AES, and CO-TDS. After similar treatments ST
inspection by Mitsuiet al.21 revealed a concentration of sub
surface impurities~O, C, S! below 1%.

To remove Ni- and Fe-carbonyl impurities, CO~purity
>99.997%) was passed over a carbonyl absorber cartr
and then introduced via a cold trap filled with liquid nitro
gen. As shown by our previous studies, this cleaning is
evitable for high-pressure experiments.3,4 Hydrogen~purity
>99.9999%) was cleaned using a cold trap. When gas m
tures were used, CO and H2 were premixed in a glass bulb a
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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mbar pressures prior to exposure to Pd~111!. In this case a
baratron gauge was used; for UHV exposures, the pres
indicated by the ionization gauge was corrected by the ga
sensitivity factors for H2 ~0.44! and CO~1.0!.

As shown below, in some cases the resulting adsorb
structure strongly depended on the type of gas exposure.
procedure of dosing CO and H2 is therefore briefly de-
scribed. After adsorbing the first type of molecule~e.g., CO!,
SFG, TDS, and LEED measurements were taken. In cas
TDS ~heating rate 1 K/sec21) it is apparent that the adso
bate layer~e.g., CO! was removed during the thermal expe
ment. In this case the exposure of the first type of molec
~e.g., CO! was repeated and immediately followed by exp
sure of the second type of molecule~e.g., H2), before a sec-
ond TDS spectrum was acquired. In the case of~nondestruc-
tive! SFG and LEED, after adsorbing the first type
molecule ~e.g., CO! and taking measurements the seco
type of molecule~e.g., H2) was adsorbed and the measu
ments were repeated. In addition, measurements were
corded after subsequently dosing the two molecules~without
intermittent measurement! but no differences were detecte
When TDS spectra are reported in the literature, the spe
are frequently ‘‘background’’ corrected; i.e., any mass sign
originating from the ‘‘clean’’ surface due to adsorption
residual gas molecules are subtracted. We have deliber
avoided that procedure and report ‘‘uncorrected’’ mass sp
tra because even small amounts of adsorbed molecules c
already induce site blocking. CO coverages were calcula
by integrating TDS areas, using the (232) 0.75 ML CO
structure as reference.

III. RESULTS AND DISCUSSION

In this section, we present coadsorption experiments
ing different types of gas exposure~sequential and mixtures!
focusing on the mutual site blocking between CO and H2.
Results from pure CO adsorption are briefly repeated to
low for an easier comparison. Finally, the interaction of C
and H2 at high pressure is described.

A. CO adsorbate structures

SFG spectra of CO on Pd~111! from 1028 to 1000 mbar
and between 100 and 500 K have been presented in det
preceding papers.2,3,5 In agreement with earlier infrared re
flection absorption spectroscopy~IRAS!, LEED, and TDS
studies~e.g., Refs. 36–40! several well-ordered structure
were observed: e.g., a ()3))R30°-1CO at0.33 ML, a
c(432)-2CO at 0.5 ML, a (4)38)rect at 0.63 ML, and a
(232)-3CO at0.75 ML @1 ML equals the density of Pd
atoms in the~111! plane, 1.5331015 cm22].

Each CO adsorbate structure exhibits a character
SFG vibrational spectrum and LEED pattern, as illustra
by Fig. 1. CO initially adsorbs in fcc threefold hollow site
with stretching frequencies around 1850 cm21 at 0.33 ML
~see, e.g., Fig. 1 of Ref. 3!. At 0.5 ML, a peak at 1920 cm21

is observed@Fig. 1~a!# which is generally assigned to CO i
fcc and hcp threefold hollow sites.41–43However, in a recent
STM study Roseet al.20 were able to show that nearu
50.5 two types ofc(432) structures coexist: one with CO
in fcc and hcp threefold hollow sites and one with bridg
Downloaded 25 Jul 2006 to 141.14.139.50. Redistribution subject to AIP
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bonded c(432) ~as originally suggested by vibrationa
spectroscopy37!. In the range between 0.5 and 0.6 ML th
CO peak continuously shifts to higher wave numbers@Fig.
1~b!#. Above u50.6, CO is preferentially bridge bonded
(;1960 cm21) with a smaller amount of linear~on-top! CO
at 2075– 2085 cm21 whose intensity is very sensitive to cov
erage@Figs. 1~c! and 1~d!#. If the coverage is further in-
creased, the bridge site intensity decreases, the on-top s
increases, and a transition40 from a bridge–on-top structure
to a hollow–on-top structure occurs. At saturation (232, u
50.75), two bands at 1899 and 2108 cm21 ~fcc and hcp
hollow and on-top CO! are observed@Fig. 1~f!#.

Coverages~u! in Fig. 1 were obtained from TDS mea
surements. Due to the lower sensitivity of SFG to multip
bonded CO, the CO coverage cannot be simply dedu
from integration of the SFG peak areas~for details see Refs
2 and 3!. Since the infrared and Raman transition mome
are different for different adsorbate geometries~e.g., hollow
versus linear-bonded CO! and may even depend o
coverage,44 the sensitivity of SFG towards different adso
bate species is different, hence making a quantitative an
sis difficult. However, for CO/Pd~111! the strong coverage
dependence of the C–O stretching frequency~Fig. 1! allows
a good estimation of the actual CO coverage, which w
recently confirmed by our combined high-pressure SFG
XPS measurements.4

The formation of well-ordered structures is facilitated
exposing CO at>250 K and cooling to the desired temper
ture, as reported in Refs. 3, 5, 40, and 45. Otherwise, ‘‘n
equilibrium structures’’ may be obtained, such as the o
shown in Fig. 1~e! exhibiting hollow (1896 cm21), bridge
(1963 cm21), and two on-top CO peaks~2091 and
2105 cm21). SFG and LEED revealed a superposition of d
mains with coverages of 0.63–0.68 ML@Figs. 1~c! and 1~d!#
and of 0.75 ML@Fig. 1~f!#. Previous studies5 have shown

FIG. 1. SFG spectra and corresponding LEED patterns of various CO s
tures on Pd~111! ~CO coverage indicated!. The adsorbate layers can be pr
duced by the following CO exposures:~a! 1026 mbar at 350 K or 1 L at 95
K, ~b! 1026 mbar at 250 K or 2 L at 95 K,~c! 1026 mbar during cool down
from 300 to 190~measurement without background gas! or 3–5 L at 95 K,
~d! 1026 mbar during cool down from 300 to 190~measurement with back-
ground gas!, ~e! 1027 mbar during cool down from 300 to 90 K or 5–10
at 90 K, and~f! 1026 mbar during cool down from 300 to 90 K; see tex
The LEED pattern in~e! is a superposition of patterns~c!, ~d!, and~f!. In the
LEED pattern~f! one Pd substrate spot is marked with an arrow.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. Sequential dosing of CO and H2 on Pd~111!: A
CO coverage of 0.75 ML was prepared by coolin
Pd~111! in 331026 mbar CO from 300 to 90 K and
characterized by SFG~a!, TDS ~b!, and LEED ~c!
~lower traces and lower LEED pattern!. After adsorbing
5–20 L hydrogen at 90 K the measurements were
peated@~a!–~c!, upper traces and upper LEED pattern#.
The same experiment was also carried out starting w
a 0.63 ML CO structure~d!–~f!.
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that the formation of a well-ordered (232) saturation struc-
ture requires a sufficiently high CO mobility~temperatures
of ;150 K to overcome the CO diffusion barrier! and a suf-
ficient CO flux ~e.g., ;1026 mbar at 150 K! to avoid
‘‘quenching’’ of domains with lower coverages. In the fo
lowing, conditions have therefore been selected to av
nonequilibrium structures~e.g., by cooling the sample from
ca. 300 K to 100 K in the respective gas! and to produce
more homogeneous adsorbate layers.

B. Sequential dosing of CO and H 2

1. CO followed by H 2

Of course, CO/H2 coadsorption has already been stud
in the past and site blocking effects have been reported9–11

However, for completeness and to allow a better compari
with following data, SFG, TDS, and LEED measureme
acquired after CO exposure on Pd~111! and after subsequen
H2 exposure are collected in Fig. 2.

After saturating Pd~111! with CO by cooling in 3
31026 mbar CO from 300 to 90 K~to avoid nonequilibrium
structures!, SFG and LEED indicated the formation of
well-ordered (232, 0.75 ML! hollow–on-top-CO structure
with narrow peaks at 1899 and 2108 cm21 ~full width at half
maximum of 6 and 5 cm21, respectively! @Figs. 2~a! and
2~c!#. The cooling takes about 6 min—i.e., the total CO e
posure amounts;1000 L ~langmuir: 1026 mbar sec). The
coverage of 0.75 ML is also evident from the CO-TDS sp
trum ~mass 28! in Fig. 2~b! displaying two characteristic
sharp low-temperature peaks at 160 and 170 K~originating
from the hollow–on-top to bridge–on-top phase transit
Downloaded 25 Jul 2006 to 141.14.139.50. Redistribution subject to AIP
id
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upon desorption40!, and from the major CO desorption pea
at 450 K. The H2-TDS ~mass 2! spectrum indicated that ther
was no hydrogen adsorption from the residual gas.

If up to 20 L hydrogen were then dosed at 90 K on t
CO-precovered~0.75 ML! Pd~111! surface@Figs. 2~a!–2~c!#,
no changes were observed by SFG, CO-TDS~mass 28!, or
LEED. The H2-TDS ~mass 2! spectrum confirmed that ther
was no hydrogen adsorption under these conditions@Fig.
2~b!#. It should be noted that on the clean Pd~111! surface
already less than 1 L hydrogen at 90 K is sufficient to p
duce a pronounced hydrogen desorption signal@similar to the
one shown in Fig. 3~b!; see, e.g., also Refs. 11 and 46#.
Apparently, hydrogen was unable to adsorb on the C
precovered surface; i.e., the surface sites for dissociative
drogen adsorption were blocked by CO. In light of the den
structure of the preadsorbed CO layer~0.75 ML!, this obser-
vation is not surprising and has been reported previou
~e.g., Refs. 9–11!.

Site blocking may occur through several mechanis
which can be hardly disentangled.12 For instance, the sites
for dissociative hydrogen adsorption may be occupied by
or they may be vacant but made inaccessible due to the p
ence of neighboring CO molecules. Dong and Hafner47 have
studied the dissociative adsorption of H2 on Pd~111! by total
energy calculations and have identified a variety of disso
tion pathways and sites. Six possible dissociation pathw
were reported that were either nonactivated or slightly a
vated ~involving different adsorption geometries of the
atoms in the H2 molecule adsorbing in fcc, hcp, bridge, an
top sites! and only the top-top path~both H atoms adsorb on
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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on-top sites! did not lead to a stable dissociation state~for
illustrations see Ref. 47!. Although the (232) ~0.75 ML!
structure is dense with three CO molecules in the unit
~two hollow, one on-top!, in a simple geometric picture thre
on-top, six bridge sites, and six hollow sites would be s
available in the unit cell, allowing for several of the hydr
gen adsorption configurations suggested by Dong and Ha
@due to due to its small size, H–H distance 0.74 Å~Ref. 48!,
the hydrogen molecule would geometrically fit in betwe
the CO molecules if Pauli repulsion is neglected#. However,
it is clear from the observed suppression of hydrogen ads
tion that such a purely geometric picture is oversimplified

One has to rather consider that preadsorbed CO mod
the electronic structure of the substrate~i.e., increasing the
barrier for hydrogen adsorption!, in particular when the CO
molecules are densely packed with pronounced intermole
lar interactions, which are evident from the strong dipo
coupling in vibrational spectra@cf. the large frequency shifts
in SFG spectra with coverage in Fig. 1~Refs. 2 and 3!#. This
‘‘electronic site blocking’’ is particularly well known for sul-
phur, which induces a reduction of CO~Ref. 49! or hydrogen
~Ref. 50! adsorption that is much higher than expected fr
a purely geometric site blocking. For CO on Pd~111!, 0.4–
0.5 ML S reduced the CO uptake;15 times.49 In the case of
hydrogen, 0.33 ML sulfur completely blocked H2

adsorption.51 This effect can be explained by the influence
sulfur on the electronic structure of the substrate which
creases the barrier for dissociative hydrogen adsorption a
near the sulfur atom. A similar poisoning is known for C,
P, and Cl~Ref. 52! and a theoretical study of the effect o
such adsorbates was carried out by Norskovet al.53 For
preadsorbed CO, Eriksson and Ekedahl13 reported that below
a CO coverage of 0.18 ML hydrogen dissociation was n
activated while above 0.18 ML CO a linear increase in
hydrogen dissociation barrier~and in the hydrogen desorp
tion energy! was found. On Ir~111!, 0.15–0.20 ML of pread-
sorbed CO reduced the saturation coverage of deuteriu
least 4 times.24

Because the hindering of hydrogen adsorption sho
decrease with decreasing CO coverage, we have also
pared CO layers of smaller coverage. When the Pd~111! sur-
face was precovered with 0.63 ML CO~by cooling in 3
31026 mbar CO from 300 to 190 K, then switching off th
CO background pressure!, SFG exhibited a bridge pea
(1967 cm21) and a weak on-top peak (2085 cm21), while
LEED showed the characteristic ‘‘flower’’ pattern@Figs. 2~d!
and 2~f!#.2 In TDS the phase transition peaks at 160 and 1
K ~that only occur for 0.75 ML! were absent@Fig. 2~e!#.
After subsequent hydrogen exposure at 190 K no chan
were again observed by SFG and TDS; i.e., H2 adsorption
was still inhibited@the somewhat blurred LEED pattern
Fig. 2~f! after hydrogen exposure is due to electron be
damage; see Fig. 3 in Ref. 2#. Hydrogen inhibition persisted
for CO layers with even lower coverages~e.g., ;0.55 ML
CO, not shown!. Kok et al.11 reported that no hydrogen ad
sorbed when Pd~111! was fully covered with a ()
3))R30° CO structure~0.33 ML, in the following denoted
‘‘) ’’ !. On the time scale of the SFG experiment~20–30
min!, we have observed a~partial! conversion of the)
Downloaded 25 Jul 2006 to 141.14.139.50. Redistribution subject to AIP
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structure to thec(432)-2CO~0.5 ML! structure. It was not
possible to disentangle exactly, if the) to c(432) trans-
formation originated from a real increase in CO covera
~CO adsorption from the residual gas! or from hydrogen ad-
sorption inducing a~partial! compression of the) CO do-
mains as reported in an STM study by Roseet al.20 ~both CO
and H2 are present in the residual gas of a UHV chambe!.
However, the hydrogen-induced compression seems
likely in our case because it requires free Pd areas in betw
) CO islands. At~total! CO coverages below 0.33 ML, CO
already forms islands in the ()3))R30° structure~local
coverage 0.33 ML!.54 TDS spectra by Koket al.11 show that
~after CO adsorption at 220 K! hydrogen can adsorb on th
~clean! Pd~111! areas between the CO islands and, result
from repulsive interactions, CO and H segregate into se
rate islands.12,20 In case of separate islands, CO and H2 des-
orb independently from each other@H2 desorption around
300 K; cf. Fig. 3~b!#.11

Summarizing, CO coverages of 0.33 ML and above w
very effective to prevent dissociative hydrogen adsorpti
presumably due to increasing the barrier for dissociative
drogen adsorption. Purely geometric effects cannot exp
the observed site blocking, not even for high coverages
very similar site blocking was also observed for ‘‘nonequ
librium’’ CO structures~see Ref. 5!. When a mixture of do-
mains with 0.75 and 0.63–0.68 ML coverage@cf. Fig. 1~e!#
were exposed to 50 L H2, no changes in the spectrum o
curred, indicating that there was no rearrangement and re
tribution of the CO domains and H2 adsorption was effec-
tively blocked.

2. H2 followed by CO

As shown in the previous section, hydrogen adsorpt
is strongly hindered when preadsorbed CO is present.
cause for a reaction proceeding via a Langmu
Hinshelwood mechanism the adsorption of both reactant
required, we have reversed the dosing sequence to ‘‘gua
tee’’ that adsorbed hydrogen is present on the Pd surf
However, as shown below, even in that case hydrogen is
necessarily located on the Pd surface. When H2 exposure
was followed by CO, the resulting adsorbate structu
turned out to be strongly dependent on the temperature o
Pd~111! substrate.

Figure 3 collects SFG, TDS, and LEED measureme
of CO adsorption on H-precovered Pd~111! at 100 K and 150
K, together with results obtained from the hydroge
saturated surface. We will first discuss the effect of hydrog
~pre!adsorption. When the Pd~111! surface was cooled from
300 K to 100 K in 131027 mbar H2 ~ca. 100 L!, the subse-
quent H2-TDS spectrum~mass 2! showed a hydrogen de
sorption peak at;295 K due to recombinative desorption o
surface hydrogen and of hydrogen from subsurface and b
sites@Fig. 3~b!#.10,46,55About 30% of the desorbing hydroge
originates from the Pd bulk, producing a high-temperat
tailing ~this assignment will be discussed in detail below!.
Adsorbed hydrogen could not be detected by SFG~the Pd–H
stretch vibration is outside our SFG frequency range56! and
also the LEED pattern in Fig. 3~c! indicated no change whe
compared to the (131) pattern of clean Pd~111! ~Ref. 16!
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. Sequential dosing of H2 and CO on Pd~111!:
After cooling Pd~111! in 131027 mbar H2 from 300 K
to 100 K, SFG~a!, TDS ~b!, and LEED~c! measure-
ments were taken~lower traces and lower LEED pat
tern!. After adsorbing 5–20 L CO at 100 K the mea
surements were repeated@~a!–~c!, upper traces and
upper LEED pattern#. The same experiment was als
carried out with a hydrogen preexposure between 300
and 150 K with measurements taken before@~d!–~f!,
lower traces and lower LEED pattern# and after CO
exposure@~d!–~f!, upper traces and upper LEED pa
tern#.
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@suggesting a (131)-H structure#. The CO-TDS spectrum in
Fig. 3~b! showed a small peak at 485 K, which may be due
several reasons. One possibility is that CO from the resid
gas may adsorb when the Pd~111! surface is cooled from 700
to 300 K after sample preparation and/or during H2 exposure
from 300 K to 90 K ~total ca. 7 min!. The amount of CO
seems to be very small because one does not observe an
signal or LEED pattern. A second contribution may origina
from CO adsorbing during the TPD run while and after t
hydrogen is desorbing~based on our temperature ramp, the
are 3 min between 150 and 450 K!. Assuming a total time of
ca. 10 min and a CO pressure of 1 – 2310210 mbar, an up-
per limit of 0.1 ML CO may originate from background ad
sorption. As mentioned above, at such low CO covera
hydrogen is able to adsorb on Pd~111! ~as obvious from the
295 K H2 desorption peak!. Given that the CO molecule
form islands,20 the majority of the Pd surface is clean whe
hydrogen arrives; i.e., the overall influence of backgrou
CO adsorption should be negligible.

When up to 20 L CO were subsequently dosed at 100
SFG did still not detect any CO resonances between 1
and 2200 cm21 @Fig. 3~a!#. LEED did also not exhibit any
CO superstructure and only the background increa
slightly @Fig. 3~c!#. The CO-TDS spectrum~mass 28! still
showed a small desorption peak, which, as described ab
is rather related to CO adsorption from the residual gas
should be noted that on a clean Pd~111! surface an exposur
of 2 L CO would be sufficient to produce a coverage of
least 0.6 ML. Apparently, H preexposure at 100 K led to
strong inhibition of CO adsorption.10,24

If the same experiment was repeated at 150 K@Figs.
Downloaded 25 Jul 2006 to 141.14.139.50. Redistribution subject to AIP
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3~d!–3~f!#, no differences were observed after H2 adsorption
~surface cooled from 300 K to 150 K in 131027 mbar H2 ,
ca. 50 L!. No ~CO! SFG resonance was detected, a (131)
LEED pattern was observed, and the H2-TDS spectrum
~mass 2! was identical to that in Fig. 3~b!. However, a dif-
ferent structure was observed after CO adsorption. When
hydrogen-precovered Pd surface was exposed to 20 L C
150 K, SFG showed signals due to bridge (1966 cm21) and
on-top (2090 cm21) bonded CO, typical of a CO coverag
around 0.65 ML.2,3 An ordered structure was observed b
LEED @Fig. 3~f!#, which can also be attributed to CO stru
tures in the 0.6–0.7 ML range. This is further corroborat
by the CO-TDS~mass 28! indicating a CO coverage of 0.7
ML ~note that the 160 and 170 K peaks, typical of 0.75 M
are absent!. The ~upper! CO-TDS trace in Fig. 3~e! is iden-
tical to a CO-TDS without preadsorbed hydrogen, sugges
that surface hydrogen is absent; i.e., there is a complete
moval of surface hydrogen by CO. The H2-TDS after CO
exposure now had its maximum at 375 K; i.e., the peak w
shifted by 80 K to higher temperature. This rules out t
possibility that CO and H2 were present as separate islan
on the surface because in that case hydrogen should
desorb around 300 K. The size of the H2-TDS peak was
nearly unchanged~ruling out hydrogen desorption upon C
exposure! but the high-temperature tailing was more pr
nounced. The measurements indicate that at 150 K CO
moves and replaces hydrogen from the surface and m
likely pushes the hydrogen below the surface. The shap
the H desorption peak with its high-temperature tailing, ch
acteristic of diffusion-controlled desorption kinetics, furth
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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supports this assumption@similar peak shapes were describ
by several authors, e.g., on Pd~111! ~Ref. 46!, Pd~110! ~Refs.
9 and 10!, and Pd~100! ~Refs. 19 and 57!#. The LEED pattern
showing a dense CO layer~with no space for H! also sug-
gests that H moved below the surface.

Apparently, preadsorbed hydrogen hindered CO ads
tion at 100 K but was replaced from the surface by CO
150 K. In the following, we will discuss possible explan
tions for this behavior. As mentioned above, the H2-TDS
spectra after adsorbing 1027 mbar H2 between 300 and 100
K and between 300 and 150 K were identical, so differ
hydrogen coverages are not responsible~TDS spectra of 2 L
hydrogen at 90 K and 150 K were identical, not shown!. The
temperature-dependent site blocking ability of hydrogen
rather related to the state of adsorbed and absorbed hydr
at the different exposure temperatures. Hydrogen adsorp
and absorption on Pd single-crystal surfaces has been stu
by many techniques~for a review see, e.g., Refs. 48 and 58!.
Different types of hydrogen species were observed:
surface hydrogen, subsurface hydrogen~populating sites be-
tween the first and second layers of the substrate!, a near-
surface hydride~accumulating in a region of up to 4 nm
depth!, and bulk hydrogen located deeper in the Pd bu
forming a homogeneous solution of H in the metal lattice
common observation is that the relative abundance of
different H species strongly depends on the adsorption t
perature~and somewhat on the history of the sample; h
long the crystal is heldin vacuoafter H exposure, etc.!.

Using TDS, Gdowskiet al.46 studied the effect of differ-
ent hydrogen exposure temperatures. At 80 K a single de-
sorption peak~b! was observed at;310 K and attributed to
the occupation of surface threefold hollow sites as well
octahedral sites between the first and second layers.55 For
adsorption between 90 and 140 K and large exposures~ca.
100–10000 L!, a new ~a! TDS peak appeared at;170 K
which was attributed to the decomposition of a near-surf
palladium hydride. The population of thisa state was ther-
mally activated with a maximum at ca. 115 K. Above 140
thea state disappeared while the total amount of absorbe
increased strongly due to hydrogen dissolution in the Pd b
~leading to an additional state, later termeda2 ,10,19 produc-
ing the high-temperature tail!.

Taking into account the observations by Gdowskiet al.46

and others~discussed below! we suggest the following pic
ture to explain the presence~absence! of CO blocking by
hydrogen at 100 K~150 K!. At 100 K, hydrogen adsorbs o
surface and subsurface Pd sites. This is supported byI -V
LEED and total energy calculations,55,59–61showing that sur-
face fcc hollow sites and subsurface octahedral sites are
preferred adsorption sites@()3))R30°-2Hstructure with
up to 67% subsurface population#. Although there is some
debate if ‘‘subsurface’’ occupation is limited to the first an
second layers of the substrate or may include ‘‘near-surfa
regions~of ca. 4 nm depth57!, it is clear that no pronounce
hydrogen absorption and dissolution deep in the Pd bulk
cur at 100 K because the activation barrier for H dissolut
cannot be overcome. Consequently, at 100 K preadsorbe
is restricted to the surface and subsurface~or near-surface!
region, thus preventing any CO adsorption. By contrast
Downloaded 25 Jul 2006 to 141.14.139.50. Redistribution subject to AIP
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150 K preadsorbed hydrogen can be replaced by CO du
the ability of thermally activated H to move below the su
face into deeper Pd layers—i.e., to dissolve in the Pd bu

Previous experimental studies of hydrogen adsorpt
using a variety of techniques support this explanation. T
different adsorption and absorption properties of H at l
~100 K! and high (;250 K) temperature were studied b
Eberhardtet al.using angle-resolved photoemission.62,63Ad-
sorption of hydrogen on Pd~111! at 100 K produced a bond
ing H level split off from d bands with H atoms bound in
threefold surface sites. However, warming the adsorbed la
to or exposing at near room temperature caused an irrev
ible conversion of H into a~lower-energy! binding site where
the split-off state was no longer visible and thed-like surface
states were unaffected. It was suggested that penetration
below the Pd~111! surface to be responsible for the lo
of H-induced features in UPS. Under similar condition
Kubiak and Stulen64 reported a decrease in electro
stimulated desorption yield upon heating the sample to te
peratures below the onset of desorption and suggested
hydrogen diffused into regions many layers below the
surface. On Pd~100!, combining nuclear reaction analys
and TDS Wildeet al.57 reported that below 130 K hydroge
was chemisorbed at the surface~saturating at 1.0 ML! with a
small fraction of further dosed hydrogen penetrating the s
face and accumulating in a region of up to 4 nm depth~i.e.,
not only in the first-layer subsurface sites!. Above 130 K, H
migration from such a near-surface hydride phase to
deeper Pd bulk occurred, leading to solution of H in Pd.

CO-induced hydrogen absorption, desorption, and dis
lution were reported for several surfaces, but typically
temperatures of 200 K and above. Upon H2 /CO coadsorp-
tion at 220 K, Koket al.11 observed a high-temperature h
drogen desorption peak (;430 K). It was suggested tha
during the growth of CO islands H atoms become trapp
within the CO islands or may be pushed below the surfa
As similar effect was observed by Behmet al.10 on Pd~110!
and by Nyberget al.56 on Pd~100! reporting H dissolution in
the bulk upon CO adsorption. Nyberget al.56 also reported a
~near-!surface hydride@with a characteristic electron energ
loss spectroscopy~EELS! peak at 56 meV#, which disap-
peared upon heating to 250 K due to hydrogen dissolutio
the bulk.

Eriksson and Ekedahl13 performed very elegant real-tim
measurements of hydrogen desorption and absorption w
CO was dosed onto a hydrogen-precovered polycrystal
Pd thin film using a Pd-MOS device. By measuring t
capacitance-voltage characteristics of the Pd-MOS de
and, in parallel, by taking mass spectra of desorbing m
ecules it could be clearly shown that a CO exposure o
hydrogen-precovered Pd surface at 223 K yielded a simu
neous desorption and absorption of adsorbed hydrogen.
amount of hydrogen absorption depended on the rela
rates of hydrogen desorption and of CO adsorption~i.e., it
depended on surface temperature and CO pressure!. These
authors have also suggested a driving force for the H dis
lution. For hydrogen, steady-state conditions are obtai
faster between the bulk and surface than between the su
and gas phase, because the energy barrier between su
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. Exposing a 1:1 CO/H2 mixture to Pd~111!:
SFG, TDS, and LEED measurements were taken a
exposure at 100 K~a!–~c! and at 150 K~d!–~f!; expo-
sure and pressure conditions are indicated.
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CO
and bulk is about a factor of 2 smaller than the desorpt
energy.13 Consequently, if the CO adsorption rate is larg
than the hydrogen desorption rate, a temporary increas
the local hydrogen coverage may be obtained, leading to
increased hydrogen concentration~dissolution! in the Pd
bulk. In the measurements of Eriksson and Ekedahl13 at 223
K the hydrogen desorption rate is about four orders of m
nitude lower than the CO adsorption rate at 1028 Torr CO,
leading to an increased hydrogen dissolution in the Pd b
Accordingly, hydrogen dissolution is even more favored
the conditions of our experiment: i.e., 150 K an
1027 mbar CO.

Based on the various experimental observations,
temperature-dependent site blocking ability of hydrogen
be explained by dissolution of surface and subsurface~near-
surface! hydrogen in the Pd bulk upon CO adsorption at 1
K. This picture also explains the high-temperature hydrog
desorption peak after CO adsorption at 150 K@Fig. 3~e!#.
Hydrogen located in the Pd bulk can only desorb after~par-
tial! CO desorption from the Pd surface. The onset temp
ture of hydrogen desorption can be understood by consi
ing that recombinative H2 desorption can only take plac
after enough CO has desorbed to produce a sufficient fre
surface. From integrating the CO-TDS area up to the onse
the 375 K H2 desorption peak, we estimate that a CO cov
age of less than 0.55 ML is needed for recombinative2
desorption. At the maximum H2 desorption~375 K!, the CO
coverage was about 0.3 ML.

Summarizing, it should be noted that the site-blocki
ability of hydrogen was strongly temperature dependent
100 K, hydrogen was inhibiting CO adsorption because
Downloaded 25 Jul 2006 to 141.14.139.50. Redistribution subject to AIP
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energy barrier to hydrogen bulk dissolution cannot be ov
come; i.e., hydrogen stays on the surface and near the su
and blocks CO. At 150 K, CO was able to replace hydrog
from the surface which moved to deeper Pd layers. In
next section on CO/H2 mixtures, we present further evidenc
for this picture.

C. Dosing of CO ÕH2 mixtures

In the preceding sections it was shown that the mut
site blocking of CO and H2 strongly depended on the dosin
sequence and the exposure temperature. At 100 K, pr
sorbed CO fully prevented hydrogen adsorption and v
versa; i.e., under these conditions only one type of molec
was present on the surface. However, in the course of a c
lytic reaction, a mixture of reactant molecules is exposed
the catalyst, which should allow the simultaneous prese
of both reactant molecules. To address this topic, CO and2

were premixed in a glass bulb prior to exposure to Pd~111!.
As shown below, conditions can be found where CO and2

coexist on the surface and where the structure of the
layer is strongly modified by hydrogen.

When 10 L of a 1:1 CO/H2 mixture were dosed at 100 K
@Fig. 4~a!#, the resulting SFG spectrum exhibited a sing
peak at 1948 cm21 ~bridge-bonded CO! while on-top CO
was absent. This already indicates a strong interaction of
and H2 because an exposure of;5 L ~pure! CO would pro-
duce a dense nonequilibrium CO structure~0.7 ML!, includ-
ing a large on-top peak as shown in Fig. 1~e!. After increas-
ing the pressure to 131026 mbar CO/H2 a small signal in
the on-top region occurred, but its intensity was only;5%
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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of that in a ‘‘normal’’ 0.7 ML CO structure, again indicatin
a strong CO–H2 interaction. The CO-TDS in Fig. 4~b! ac-
quired after the 10 L exposure indicated a CO coverage
about 0.55 ML and LEED@Fig. 4~c!# showed ac(432)-like
ordering, suggesting a;0.5 ML coverage in agreement wit
CO-TDS. Two small, broad H2 desorption peaks were foun
around 170 K and 370 K. Based on calibration measu
ments with pure H2 ~assuming that 1 L H2 at 90 K produces
a coverage of ca. 0.7 ML, not shown55!, the total amount of
both H2 peaks is;0.2 ML.

Apparently, under conditions when CO and H2 simulta-
neously approach the Pd~111! surface, intermolecular inter
actions produce ‘‘new’’ adsorbate structures, the absenc
strong reduction of on-top bonded CO being the most st
ing finding. Hydrogen seems to prevent CO from adsorb
at on-top sites or steers the CO layer in a configuration
does not include on-top CO. Taking into account previo
vibrational studies22,23,25 and recent STM data of CO, O2,
and H2 interactions on Pd~111! by Rose and co-workers,20,21

we suggest the following model to explain our observatio
When a CO/H2 mixture is dosed on Pd~111! at 100 K,

CO and hydrogen form separate islands due to the freque
reported repulsive interaction between CO and H2, and CO
forms a c(432) structure at;0.5 ML including bridge
~hollow! bonded CO. Surprisingly, the CO coverage seem
be limited to;0.5 ML ~as evident from our SFG and TD
spectra and LEED! and the CO islands do not adopt a 0.
ML (2 32) structure with hollow and on-top CO. This is i
full agreement with the STM results by Roseet al.20 report-
ing that when CO and H2 coexisted on Pd~111!, hydrogen
was able to compress a) CO layer into ac(432) structure
but not to a (232). For a reason yet unknown, coadsorb
hydrogen seems to destabilize the (232) structure or, at
least, on-top bonded CO.

The ‘‘destabilization’’ of on-top CO upon hydrogen ad
sorption has also been observed for other noble me
While only on-top CO is normally present on Pt~111! for
average CO coverages,0.25 ML, using infrared reflection
absorption spectroscopy~IRAS! Hodgeet al.22 observed that
upon H2 exposure between 100 and 180 K on-top CO
creased and broadened and bridge-bonded CO appear
shift of CO from on-top to bridge sites upon H coadsorpti
also occurred on Pt~335!.23 A similar effect was reported by
Zenobiet al.25 for Ni~111! where bridge and on-top CO spe
cies coexist for CO coverages below 0.5 ML. Upon expos
to above 1023 mbar H2 the terminal CO species disappear
and CO was compressed into a disordered phase conta
only bridge-bonded CO. EELS studies by Andersson
Ni~100! have also shown a displacement of CO from on-
to bridge sites.65 According to these and our observation
coadsorbed hydrogen seems to destabilize on-top CO
displace it onto bridge sites. One may argue that this in
action is difficult to understand, considering that CO and2
are located in different islands. However, it is possible t
the CO–H2 interaction at the island boundaries is ‘‘pass
on’’ to inner island regions. In fact, Rose and co-workers20,21

observed by STM that the hydrogen-induced compressio
CO ~or oxygen! structures started at the island edges a
proceeded towards the island center.
Downloaded 25 Jul 2006 to 141.14.139.50. Redistribution subject to AIP
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A point to clarify concerns the H2-TDS spectrum in Fig.
4~b!. The broad desorption feature around 170 K@Fig. 4~b!#
is presumably related to thea (1) peak reported by Gdowsk
et al.;46 i.e., it may be due to the decomposition of a ne
surface hydride~but the exact origin is still unclear!. The
observation that there is no surface hydrogen desorp
around 300 K appears, at first sight, to be in contradict
with our assumption of the presence of surface hydrog
However, the TDS spectrum can be explained if surface
drogen present at 100 K~partly! moves below the Pd surfac
upon increasing the temperature during TDS. Hydrogen fr
deeper Pd regions would then desorb after the CO cove
has decreased below 0.55 ML, similar to the situation in F
3~e!. Since the total CO coverage is only 0.55 ML, the on
of CO and H2 desorption is nearly at the same temperatu
This picture is again supported by the STM measurement
Mitsui et al.21 who observed that hydrogen disappeared fr
Pd~111! upon heating, as evident from the reversal of t
hydrogen-induced compression of an oxygen layer aro
200 K @relaxed from a ()3)) to a (232) structure#.
Since no hydrogen desorbs at this temperature, this obse
tion can only be explained if hydrogen moved to subsurfa
or deeper sites.

Our explanation is based on the assumption of the ph
separation of CO and H2 due to the repulsion of the two
molecules~both CO and H behave as electron accepto
competing for the substrate electrons!. Although we strongly
favor this picture due to its agreement with many previo
experimental observations, for completeness we also wan
discuss other possible explanations. For instance, a m
CO–H layer may be formed in which on-top sites are n
populated. Although this picture may explain the H2-TDS
spectrum~again, the CO coverage must fall below a certa
value to allow recombinative H2 desorption! @Fig. 4~b!#, it
seems unlikely in light of the repulsive interaction betwe
CO and H2 ~and one may expect a different CO-TDS!. One
could also speculate that hydrogen located below the Pd
face may influence the CO layer on the surface by dest
lizing on-top CO~also in this case, hydrogen can only deso
recombinatively after enough CO has desorbed!. However,
as shown in Fig. 3~e! even a large amount of hydrogen belo
the Pd surface did not affect the CO layer on the surface

In the preceding section~hydrogen adsorption followed
by CO adsorption! it was shown that the site blocking o
hydrogen vanished at higher temperatures@cf. Figs. 3~d!–
3~f!#. Similarly, when 10 L of a CO/H2 mixture were dosed
at 150 K, an SFG spectrum was observed with a bridge p
at 1958 cm21 and an on-top peak at 2090 cm21, indicating a
coverage of 0.68 ML@Fig. 4~d!#. In contrast to the corre-
sponding measurement at 100 K@Fig. 4~a!#, the on-top site
was now clearly populated. Apparently, hydrogen was
longer able to hinder CO to adsorb on on-top sites. The st
ture is identical to a pure CO exposure and there are
indications of any hydrogen on the surface. LEED@Fig. 4~f!#
also pointed to a 0.68 ML CO structure. CO-TDS indicate
CO coverage of;0.7 ML and a small hydrogen desorptio
peak occurred around 370 K. The hydrogen desorption p
originates from hydrogen absorbed to deeper Pd region
pushed subsurface by CO and is again due to the reco
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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10862 J. Chem. Phys., Vol. 119, No. 20, 22 November 2003 Morkel, Rupprechter, and Freund
native hydrogen desorption starting after the CO cover
has fallen below;0.5 ML.

Increasing the pressure of the CO/H2 mixture up to
1025 mbar @Fig. 4~d!# produced higher CO coverages a
finally a phase transition to the (232) CO superstructure
with two bands at 1895 and 2107 cm21 ~fcc and hcp hollow
and on-top CO! was observed@Fig. 4~d!#. The broad bridge
peak at 1943 cm21 indicates that domains with slightl
lower coverage were also present. Apparently, the sm
amount of H below the Pd surface had no effect on the
surface layer.

Both the experiments with preadsorbed hydrogen
CO/H2 mixtures have shown that the site blocking of hydr
gen~i.e., its ability to stay on the surface! strongly depended
on the exposure temperature. In order to exactly determ
the ‘‘transition’’ temperature at which hydrogen is able
move from the surface to deeper~bulk! Pd regions, we have
heated Pd~111! in 1026 mbar CO/H2 stepwise from 100 K to
150 K. When hydrogen leaves the surface, the CO islands
no longer restricted to thec(432) structure and reorganiz
to the (232) structure. The ‘‘transition’’ occurred already a
125 K, which can be easily detected by SFG due to
strong on-top peak of the (232) structure. As control ex-
periment, we have also determined the ‘‘transition’’ by TD
exposing 10 L CO/H2 mixtures at temperatures between
and 150 K~Fig. 5!. The CO-TDS in Fig. 5~a! shows that the
blocking effect of hydrogen was active up to;120 K, lim-
iting the CO coverage to about 0.55 ML~at these tempera
tures 5 L pure CO would produce 0.7 ML!. At 130 K and
higher, CO coverages of 0.6–0.73 ML were observed, in
cating the absence of a hydrogen-induced site blocking@the
small peak in the 140 K trace indicates a near-satura
coverage; cf. Fig. 2~b!#.

The H2-TDS in Fig. 5~b! is a bit more complex because
as described above, part of the surface hydrogen may m
below the Pd surface during the TPD run. The H2-TDS is,
therefore, not necessarily characteristic for the initial state
adsorbed hydrogen. After exposing 10 L CO/H2 mixture at
90 and 100 K, CO and H separate and H adsorbs in sur
and subsurface~near-surface! sites, producing two desorp
tion features in TDS. The broad peak around 175 K is pr
ably due to the decomposition of a near-surface hydride.

FIG. 5. Thermal desorption spectra of CO~mass 28! and hydrogen~mass 2!
acquired after exposing Pd~111! to 10 L CO/H2 ~1:1! mixture at tempera-
tures between 90 and 150 K.
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second peak around 370 K~with a high-temperature tail! is
due to hydrogen desorbing from deeper Pd areas, popul
presumably during the TPD run. Due to this effect, the te
perature at which hydrogen leaves the surface canno
clearly deduced from H2-TDS. For instance, while afte
CO/H2 exposure at 120 K, CO-TDS shows a site-blocki
effect by hydrogen, the corresponding H2-TDS is already
identical to the 150 K trace~where CO-TDS shows no sit
blocking!.

Summarizing the results on CO/H2 mixtures, we have
shown that the resulting adsorbate structures strongly
pended on the exposure temperature. At temperatures b
about 125 K, hydrogen remained on the surface, ther
blocking and destabilizing on-top CO and limiting the C
coverage within CO islands to;0.5 ML. Above 125 K, CO
was able to replace surface hydrogen which moved into
Pd bulk, finally leading to pure CO layers. This replacem
is relatively rapid. For a 1:1 CO/H2 mixture the hydrogen
impingement rate is about 4 times higher than the CO
pingement rate; i.e., the probability that an empty site
populated by hydrogen is 0.8 and 0.2 for population with C
~assuming that adsorption proceeds via a single collision o
vacant site, neglecting any precursor states!. However, be-
cause a hydrogen atom can move below the surface wh
CO molecule stays on the surface, after five collisions
probability that the surface site is populated by hydrogen
;30% ~i.e., the CO coverage would be;0.65 ML, leading
to strong site blocking!. At 1026 mbar the hydrogen replace
ment would only last 1 sec~the impingement rate for the
mixture is ;531015/cm22 sec) assuming that this effect
limited by CO adsorption rather than hydrogen dissolutio

D. COÕH2 interaction at high pressure

In the preceding sections we have shown that the ad
bate structures strongly depended on the type of CO and2

exposure~sequential versus mixture! and also on the surfac
temperature. This demonstrates that great care has t
taken when comparing typical UHV~sequential! coadsorp-
tion studies at low temperature with catalytic reactions wh
both molecules interact simultaneously with the catalyst
high temperature.

The current commercial methanol synthesis is based
Cu/ZnO/Al2O3 but ~promoted! Pd catalysts have also bee
found to be highly selective~e.g., Ref. 66 and reference
therein!. As a first step to get some insight into the adsorb
structure during CO hydrogenation on Pd~111! we have
therefore studied the CO/H2 interaction at elevated pressu
up to 550 K. Our conditions are, of course, still differe
from the 10–25 bar pressures used in technical catalysis
very similar to those of atmospheric pressure reactions
model49,67–69or impregnated catalysts.70

In a previous publication2 we have reported SFG spect
of 1:1 CO/H2 mixtures at 298–523 K that were similar t
pure CO spectra with a CO coverage of 0.5–0.6 ML. B
cause no shifts in the CO frequencies were observed, we
suggested that the interaction of CO and H2 should be rather
weak. However, based on the results presented in this art
the observed~high-coverage! structures can now be rathe
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. ~a! SFG spectra acquired during room temper
ture exposure of Pd~111! to a 1:10 CO/H2 mixture be-
tween 1026 and 1 mbar.~b! SFG spectra taken at in
creasing pressure up to 55 mbar and increas
temperature up to 550 K; see text. LEED patterns in~c!
were recorded before~lower! and after~upper! high-
pressure gas exposure. The ‘‘post-reaction’’ AES sp
trum ~c! indicates that the surface remained clean d
ing 6 h of gas exposure.
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attributed to the strong site-blocking effect of CO; i.e.,
hydrogen was present on the Pd~111! surface. In order to
facilitate hydrogen adsorption we have therefore utilized
1:10 CO/H2 mixture for the current experiments. The hig
pressure SFG experiments in Fig. 6 were carried out us
CO/H2 mixtures up to 55 mbar, at a total pressure of 1 b
using He as buffer gas. Figure 6~a! shows the effect of in-
creasing the pressure of a 1:10 CO/H2 mixture on Pd~111! at
300 K from 1026 to 1 mbar. At 1026 mbar a bridge
(1944 cm21) and on-top (2079 cm21) CO peak was ob-
served indicating a CO coverage above 0.6 ML. Increas
the pressure to 1 mbar shifted the bridge peak to 1956 cm21

while the on-top signal increased and shifted to 2084 cm21

~typical of a CO coverage of ca. 0.65 ML!. When compared
to spectra of pure CO adsorption~cf. Fig. 6 in Ref. 2!, no
significant differences can be observed for the 1:10 CO2
mixture. This indicates that even with a tenfold excess
hydrogen, hydrogen adsorption is strongly inhibited by C
As expected from the experiments described in the prev
sections, when CO and H2 reach the Pd surface at 300 K the
compete for the vacant surface sites. However, since hy
gen can easily move from the Pd surface to subsurface
bulk sites, the vacant sites are more and more populate
CO ~even though the hydrogen impingement rate is abou
times that of CO: see below!. Once the CO coverage reach
;0.3 ML, hydrogen adsorption fully stops. It is clear th
under these conditions of elevated pressure and temper
a dynamic equilibrium between adsorbed and gas phase
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ecules is established, as shown by the fast exchange of
topically labeled CO~see Fig. 13 in Ref. 2!. However, when
a hydrogen atom desorbs the resulting empty site can
occupied by CO, while an empty site produced after C
desorption is still blocked for hydrogen by the neighbori
CO molecules.

The lower panel in Fig. 6~b! shows spectra acquired du
ing heating the Pd~111! surface in 1 mbar 1:10 CO/H2 mix-
ture stepwise to 500 K. The bridge peak was shifted fr
1956 cm21 at 300 K to 1940 cm21 at 450 K, while the on-
top signal shifted from 2084 cm21 to 2073 cm21. The fre-
quency shifts are comparable to those in Fig. 6~a! observed
with decreasing pressure and coverage. However, increa
the temperature from 300 to 450 K of 1 mbar 1:10 CO/2

not only led to a decreasing coverage but also to an incre
in the linewidth of the bridge (27– 50 cm21) and on-top
(17– 35 cm21) CO species. At 500 K a broad bridge peak
around 1925 cm21 was detected, typical of a;0.5 ML CO
coverage. Similar observations with, of course, higher C
coverages at a given temperature were made when the
sure of the 1:10 CO/H2 mixture was increased to 55 mba
@upper panel in Fig. 6~b!#. In that case, the CO layer could b
observed up to 550 K, with the bridge peak at;1910 cm21

again indicating a relatively high CO coverage~around 0.5
ML ! and a very broad on-top peak around 2075 cm21. Simi-
larly, SFG spectra of CO/H2 up to 1000 mbar~1:3; without
buffer gas! also indicated CO coverages>0.5 ML.

When the SFG spectra in Fig. 6~b! ~upper panel! are
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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compared to those of 5 mbar~pure! CO at 300–550 K~not
shown!, no pronounced differences can be found. The
crease in linewidth in Fig. 6~b! is therefore mainly due to a
temperature-induced line broadening37 and a strong effect o
hydrogen seems to be absent. The combined effect of a
duced CO coverage and of an increased linewidth at
highest temperatures made the SFG signals very broad
weak, limiting the quality of the SFG spectra~the SFG in-
tensity is proportional to the square of the adsorbate con
tration and to the square of the inverse linewidth!.

However, one point that should be noted in the hig
temperature CO/H2 spectra, which was also raised in o
previous paper,2 is the appearance of a broad on-top sig
~around 2075 cm21) when the bridge signal is found a
1920 cm21 or lower @Fig. 6~b!, 55 mbar spectra at 500 an
550 K#. This is not observed in low-temperature CO spec
~cf. Fig. 1 or Fig. 1 of Ref. 3! when a peak at
1900– 1920 cm21 (<0.5 ML) is not accompanied by an on
top signal~the on-top signal typically appears only after t
CO frequency is shifted to;1940 cm21 or higher; at CO
coverages>0.6 ML). The broad on-top signal may indica
a roughening of the surface under reaction conditions but
roughening must be reversible because regular CO spe
and LEED images were obtained after removal of the hi
pressure gas and decreasing the temperature. Another o
of the broad on-top signal could be a highly dynamic and
perfectly ordered CO phase that is only present during
high-pressure and high-temperature experiment~featuring a
distribution of local coverage and/or island size!. Taking into
account a destabilizing effect of hydrogen on on-top CO,
additional influence of hydrogen leading to smaller a
broadened on-top peaks can also not be excluded.

The high-pressure SFG experiments were typically c
ried out over several hours: therefore, one has to confirm
the Pd surface remains clean during this time. This is o
possible by using feed gas that was carefully cleaned f
contaminants, as described in previous papers.3,4 Figure 6~c!
displays a LEED pattern and an AES spectrum, taken aft
h of high-pressure gas exposure. LEED still indicated a s
fold symmetry of the Pd surface~excluding strong restruc
turing! and AES showed a clean Pd surface without Ni or
contamination. Due to the overlap of carbon and Pd A
signals at 272 eV, the presence of very small amounts
carbon cannot be excluded though.

We have tried to detect possible products of CO hyd
genation, such as methanol or methane by gas chrom
graphic~GC! and mass spectroscopic~MS! detection. Beside
the conditions used in Fig. 6, reactions were carried out u
1000 mbar CO/H2 ~1:3; without buffer gas!, at temperatures
up to 550 K. Under these conditions, the thermodynam
limit of methanol production at 500–550 K is about 1–0
mbar methanol „using equilibrium constantsKp @Kp

5p(CH3OH)/p(CO)•p2(H2)# of about 631023 and 1
31023 bar22 for 500 and 550 K, respectively71,72

…. These
pressures would be in the range of our GC and MS detect
However, it should be noted that under the applied con
tions the rate of~unpromoted! Pd is very small@turnover
frequency~TOF! on the order of 531024 sec21 for 1000
mbar CO/H2 ~1:4–1:2! at 550 K~Refs. 66, 68, 70, and 73!#,
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and in light of the small amount of Pd surface availab
(;0.5 cm22), a methanol~or methane! pressure of only
;631024 mbar can be produced in our reaction cell afte
h ~which is below the GC detection level!. Possible products
were therefore condensed and collected in a smaller volu
cold trap at 77 K, which should produce a pressure
;0.03 mbar methanol~which would be sufficient for mass
spectroscopic analysis!. However, no methanol was detecte
by MS and only minute amounts of CO2 were found (CH4
cannot be condensed sufficiently due to its high vapor p
sure at 77 K!. These traces may originate from CO dissoc
tion and the subsequent reaction of atomic oxygen with C
However, as shown by LEED and AES the amount of C
dissociation must be very small. In view of our previo
high-pressure XPS and SFG study@0.1 mbar CO up to 500 K
~Ref. 4!# where no CO dissociation was found on Pd~111! it
seems likely that ‘‘side reactions’’ with the reactor walls, th
thermocouple, etc., may be involved.

The absence of any reaction products is somewhat p
zling. Even though the amount of products would be sm
under the given conditions, they should still be detectab
However, in a similar study of CO hydrogenation on Pd f
(;8 cm2) using a low-volume all-glass high-pressure cel74

and a zeolite cold trap, reaction products were absen
well.75 Berlowitz and Goodman68 reported methanol produc
tion on Pd~110! at pressures from 0.7 to 2.4 bars using re
tion times of ;24 h but it was also reported that sma
amounts of Ni-carbonyl contamination could not be avoid
on that timescale.

On the other hand, the absence of products is in line w
the high-pressure SFG spectra. Even with a tenfold exces
hydrogen and temperatures up to 550 K the spectra indic
a CO coverage of>0.5 ML; i.e., this is still in a regime
where our UHV coadsorption studies revealed a strong
drogen inhibition. CO and H2 were simultaneously expose
to the clean Pd~111! surface but the replacement of hydrog
by CO is again fast. For 1:10 CO/H2 the hydrogen impinge-
ment rate is about 37 times higher than the CO impingem
rate ~leading to a probability that an empty site is populat
by hydrogen of;97%), but after 40 collisions the probabi
ity that a surface site is populated by hydrogen has fa
below 30%. At 1026 mbar this would last about 10 sec~im-
pingement rate of the mixture;431015/cm22 sec) which is
still faster than the timescale of our SFG setup and
1 mbar;1025 sec.

The absence of methanol is therefore most likely rela
to the inability of hydrogen to adsorb on Pd. Vice versa,
strong site blocking of hydrogen by CO may beresponsible
for the low CO hydrogenation rate on Pd. Higher tempe
tures~lower CO coverages! would be necessary to reduce th
site blocking of CO but since methanol synthesis
exothermic71,72 higher temperatures further reduce the eq
librium concentration of methanol~which is why 525–575 K
is the technically interesting range!.

In light of our results it is surprising that CO hydroge
nation works at all on technical catalysts: e.g., silica su
ported Pd nanoparticles.66,70,76–78Of course, in ‘‘real’’ sys-
tems the total CO/H2 pressure~10–25 bars! is 25–500 times
higher but the reaction temperature~525–550 K! and the
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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CO/H2 ratio (;1:2) aresimilar. As shown in Fig. 6~a! ~and,
e.g., in Fig. 4 of Ref. 3!, increasing the pressure by six o
more orders of magnitude induced only relatively sm
changes in the absolute CO coverage. Therefore, increa
the total pressure of the CO/H2 mixture 25–500 times may
not induce too strong changes in the adsorbate layer~except
from increasing the coverage!. In fact, the IR spectra re
ported by Hicks and Bell78 also show a high CO coverage o
Pd nanoparticles on silica under reaction conditions. Incre
ing the pressure from 1 to 200 bars has also only little eff
on the methanol equilibrium constantKp ~increases less tha

10 times due to nonideality of gases!.72

Under technical conditions there may be further effe
facilitating the reaction. The most apparent difference is,
course, that the reaction is carried out on supported Pd n
particles. On Pd particles exhibiting nanosize facets,
which the formation of well-ordered structures is limite
when compared to a macroscopic single-crystal surface,
site-blocking effects may be less pronounced. In addition,
presence of facets other than~111! and step, edge, and corn
sites provides new geometries for CO–H2 interaction. For
pure CO adsorption on Pd nanoparticles on Al2O3 ,1–3 we
have demonstrated the importance of specific binding s
located on the steps and edges of metal nanoparticles w
may lead to inherent differences to Pd~111!. In addition,
H2-TDS spectra of Pd nanoparticles are quite different fr
those of Pd~111!, indicating a higher abundance of weak
bound hydrogen on Pd nanoparticles~cf. Ref. 79!. The oxide
support~e.g., SiO2 , Al2O3 , TiO2 , MgO, ZnO, etc.! may also
participate actively. Although the discussion on the exact r
of the support in the hydrogenation reaction may still
controversial~Ref. 71 and references therein!, strong support
effects on the activity and selectivity are well established73,78

and possible intermediates such as formate bound to the
ide were detected by secondary ion mass and IR spec
copy ~e.g., Refs. 80 and 81!. Studies of CO/H2 coadsorption
on Pd nanoparticles supported on Al2O3 are therefore in the
focus of our current interest.

Another difference concerns the state of hydrogen.
our experiments we have avoided the formation ofb-Pd hy-
dride which would be accompanied by a recrystallization
the Pd~111! crystal~and thereby destroy its well-defined su
face structure!. For instance, when the highest hydrog
pressure~750 mbar! was used the sample temperature was
least 400 K. Under technical conditions~550 K, 25 bars! it is
very likely that not only significant amounts of hydrogen a
dissolved in the Pd bulk but also that a Pd hydride is form
This certainly changes the atomic structure of the nano
ticles and may also modify their catalytic properties. It h
been shown in the past that ‘‘bulk hydrogen’’ may have ca
lytic properties different from those of adsorbed surface
drogen, for instance in hydrogenation82 or hydrodechlorina-
tion reactions.69

IV. CONCLUSIONS

We have applied nonlinear optical sum frequency g
eration vibrational spectroscopy together with TDS a
LEED to study adsorbate–adsorbate interactions of CO
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H2 on Pd~111! both under UHV and high-pressure~mbar!
conditions. It was shown that the mutual site blocking of C
and H2 and, therefore, the resulting adsorbate structu
strongly depended on the type of gas exposure~sequential
versus gas mixture! and the exposure temperature. Our r
sults can be summarized as follows:

~a! When hydrogen was adsorbed on CO-precove
Pd~111! it was shown that CO coverages>0.33 ML were
very effective to prevent dissociative hydrogen adsorpti
presumably by increasing the adsorption barrier beca
purely geometric considerations cannot explain the obser
site blocking. At ~total! coverages,0.33 ML hydrogen is
able to adsorb on free Pd areas within CO islands of ()
3))R30° structure~local coverage 0.33 ML!.

~b! When CO was adsorbed on hydrogen-precove
Pd~111! the site-blocking ability of hydrogen strongly de
pended on the substrate temperature. While at 100 K hy
gen inhibited CO adsorption, at 150 K CO was able to
place hydrogen from the surface. We suggest that this ef
is related to the ability of hydrogen to populate bulk Pd sit
At 100 K, the energy barrier to hydrogen bulk dissolutio
cannot be overcome; i.e., hydrogen stays on the surfac
near the surface and blocks CO. At 150 K, the energy bar
can be overcome, allowing CO to push hydrogen
‘‘deeper’’ Pd sites.

~c! When a 1:1 CO/H2 mixture was adsorbed on Pd~111!
both molecules reached the surface simultaneously and
duced separate CO and H2 islands. However, the resultin
adsorbate structures again strongly depended on tempera
At temperatures below;125 K hydrogen remained on th
surface and its main effect was to block and destabilize
top CO and to limit the coverage within CO islands
;0.5 ML. Above;125 K, CO was able to replace surfac
hydrogen which moved to Pd bulk sites and adsorbate st
tures identical to those of pure CO exposure were produc

~d! When a 1:10 CO/H2 mixture was used at high pres
sure~up to 55 mbar! and high temperature~300–550 K!, the
resulting adsorbate structures indicated CO coverages o
ML and above which strongly limit hydrogen adsorptio
Under reaction conditions there were also indications o
possible surface roughening or a highly dynamic and
perfectly ordered CO phase that may facilitate CO hydro
nation.

~e! Although the temperature and CO/H2 ratio of our
mbar-pressure experiments on Pd~111! were similar to those
used in catalytic studies on oxide supported Pd nanopartic
we did not detect products. This can be understood by c
sidering the strong blocking of hydrogen adsorption by C
under the applied conditions. Using CO/H2 mixtures below
125 K, CO and hydrogen coexisted on the surface but
course, this temperature is too low to drive the reaction. I
therefore reasonable to assume that oxide-supported
nanoparticles provide additional sites for CO hydrogenat
and coadsorption studies on Pd–Al2O3 are currently per-
formed. A further difference to technical catalysts may ar
from Pd-hydride formation at hydrogen pressures well ab
1 bar.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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61R. Löber and D. Henning, Phys. Rev. B55, 4761~1997!.
62W. Eberhardt, F. Greuter, and E. W. Plummer, Phys. Rev. Lett.46, 1085

~1981!.
63W. Eberhardt, S. G. Louie, and E. W. Plummer, Phys. Rev. B28, 465

~1983!.
64G. D. Kubiak and R. H. Stulen, J. Vac. Sci. Technol. A4, 1427~1986!.
65S. Andersson, Solid State Commun.21, 75 ~1977!.
66A. F. Gusovius, T. C. Watling, and R. Prins, Appl. Catal., A188, 187

~1999!.
67K. Hayek, M. Fuchs, B. Klo¨tzer, W. Reichl, and G. Rupprechter, Top

Catal.13, 55 ~2000!.
68P. J. Berlowitz and D. W. Goodman, J. Catal.108, 364 ~1987!.
69G. Rupprechter and G. A. Somorjai, Catal. Lett.48, 17 ~1997!.
70G. C. Cabilla, A. L. Bonivardi, and M. A. Baltanas, Catal. Lett.55, 147

~1998!.
71C. Chinchen, P. J. Denny, J. R. Jennings, M. S. Spencer, and K. C. Wa

Appl. Catal.36, 1 ~1988!.
72G. W. Bridger and M. S. Spencer, inCatalyst Handbook, edited by M. V.

Twigg ~Wolfe, London, 1989!, pp. 441–468.
73Y. A. Ryndin, R. F. Hicks, A. T. Bell, and Y. I. Yermakov, J. Catal.70, 287

~1981!.
74W. Reichl, G. Rosina, G. Rupprechter, C. Zimmermann, and K. Hay

Rev. Sci. Instrum.71, 1495~2000!.
75B. Klötzer, W. Unterberger, and K. Hayek~private communication!.
76A. Gotti and R. Prins, J. Catal.175, 302 ~1998!.
77A. Gotti and R. Prins, Catal. Lett.37, 143 ~1996!.
78R. F. Hicks and A. T. Bell, J. Catal.90, 205 ~1984!.
79S. Shaikhutdinov, M. Heemeier, M. Ba¨umer, T. Lear, D. Lennon, R. J

Oldman, S. D. Jackson, and H.-J. Freund, J. Catal.200, 330 ~2001!.
80C. Sellmer, R. Prins, and N. Kruse, Catal. Lett.47, 83 ~1997!.
81R. F. Hicks and A. T. Bell, J. Catal.91, 104 ~1985!.
82A. D. Johnson, K. J. Maynard, S. P. Daley, Q. Y. Yang, and S. T. Ce

Phys. Rev. Lett.67, 927 ~1991!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


