
 

0023-1584/05/4602-  © 2005 

 

MAIK “Nauka

 

/Interperiodica”0269

 

Kinetics and Catalysis, Vol. 46, No. 2, 2005, pp. 269–281. Translated from Kinetika i Kataliz, Vol. 46, No. 2, 2005, pp. 288–301.
Original Russian Text Copyright © 2005 by Kaichev, Bukhtiyarov, Rupprechter, Freund.

 

INTRODUCTION

The mechanism of activation of the C–O bond on
the surfaces of transition metals has attracted consider-
able attention from researchers in the area of heteroge-
neous catalysis. This is primarily due to studies on the
reaction mechanisms of carbon monoxide hydrogena-
tion or methanol oxidation and dehydrogenation, which
form the basis of the commercial manufacture of hydro-
carbons, aldehydes, alcohols, hydrogen, etc. [1–7]. Thus,
for example, the activation (cleavage) of the C–O bond
is a necessary condition for the synthesis of hydrocar-
bons (Fischer-Tropsch process). At the same time, the
formation of carbon as a result of CO dissociation can
be responsible for loss in catalytic activity due to the
blocking of active centers on the catalyst surface. Actu-
ally, the activation of the C–O bond depending on the
nature of the catalyst, the composition of reactants, and
reaction conditions is responsible for the activity and
selectivity of the above reactions. From this standpoint,
a detailed study of the mechanism of activation of the
C–O bond on the surfaces of transition metals is
undoubtedly favorable for the prediction of catalytic
effects and, correspondingly, for the development of
more effective catalysts for a particular reaction.

A large body of scientific research in this area was
devoted to the adsorption of simple molecules (CO,

 

CH

 

3

 

OH

 

, etc.) on metal surfaces under ultrahigh-vac-
uum (UHV) conditions. The use of currently available
physical techniques for studying the surface of well-
characterized model samples (single crystals, foils,

supported metal clusters, etc.) provides an opportunity
to perform controllable (in terms of composition, struc-
ture, and purity) and reproducible experiments. Indi-
vidual elementary steps of catalytic reactions can be
studied on the atomic and molecular level. At the same
time, the majority of these data cannot be directly used
in the area of applied catalysis, mainly because of the
so-called “pressure gap” problem. Indeed, under condi-
tions of surface science experiments (

 

P

 

 < 10

 

–6

 

 mbar,
1 mbar = 0.75 Torr), the concentrations of reaction
intermediates and the rates of individual steps of a catalytic
reaction can be much lower than the sensitivity threshold of
physical techniques being used. Consequently, information
obtained in this case is not always representative of to the
chemical processes that occur on the surface of an actually
operating catalyst (

 

P

 

 > 10

 

3

 

 mbar).

To solve this problem, many attempts have been
made in recent years to develop new methods or mod-
ernize known methods for surface studies. The aim of
these studies was to perform 

 

in situ

 

 experiments (i.e.,
directly in the course of a reaction) [8–22]. Reflec-
tance–absorption IR spectroscopy [8–10], including IR
spectroscopy in a polarization modulation mode [9, 10];
sum frequency generation (SFG) spectroscopy [11–15];
X-ray absorption edge spectroscopy [16–18]; and
X-ray photoelectron spectroscopy (XPS) [19–22] are
among the methods that can be effective at pressures
close to those in actual catalysis (

 

P

 

 > 0.1 mbar).

In this work, we demonstrated the advantages of a
combined use of XPS and SFG spectroscopic tech-
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Abstract

 

—An 

 

in situ

 

 study of the adsorption of CO on atomically smooth and defect Pd(111) surfaces was per-
formed over wide ranges of temperatures (200–400 K) and pressures (10

 

–6

 

–1 mbar) by X-ray photoelectron
spectroscopy and sum frequency generation. Both of the techniques indicated that CO was adsorbed as three-
fold hollow, bridging, and terminal species to form well-known ordered structures on the surface. In the course
of the 

 

in situ

 

 experiments, no signs of CO dissociation or of the formation of carbonyl structures (Pd(CO)

 

n

 

,

 

n

 

 > 1) were detected. The mechanism of C–O bond activation in the course of methanol decomposition on the
surface of palladium was considered. It was found that the adsorption of methanol on the surface of palladium
essentially depends on pressure. Along with the well-known reaction path of methanol dehydrogenation to CO
and hydrogen, a slow process of methanol decomposition with C–O bond cleavage was observed at elevated
pressures. In this case, the formation of carbon deposits finally resulted in the carbonization and complete deac-
tivation of the surface. A mechanism for C–O bond activation on the surface of palladium was proposed; the
geometry of adsorption complexes plays an important role in this mechanism.
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niques in an 

 

in situ

 

 study of model catalytic systems.
XPS is an element-sensitive technique for surface anal-
ysis; it yields direct quantitative information on the
chemical composition of an adsorption layer. A spe-
cially designed photoelectron spectrometer used in this
study allowed us to perform experiments at pressures
up to 0.5 mbar, which is higher than that in commercial
models by five orders of magnitude. SFG upon the
exposure of a test surface to radiation from two pulsed
lasers with wavelengths in the visible and IR regions of
the spectrum is a sophisticated technique. At the same
time, this is one of the most promising optical tech-
niques for 

 

in situ

 

 studies of the nature of adsorption
complexes [11–15]. The physical fundamentals of this
technique have been described in sufficient detail [14,
23–25]. In the course of experiments, the laser radiation
frequency in the visible region remained constant (

 

λ

 

 =
532 nm), whereas the frequency of the IR laser varied
within certain limits. This allowed us to study vibra-
tional SFG “resonances” directly related to vibrational
excitation of adsorbed molecules [11–15]. In accor-
dance with selection rules, vibrations active in both IR
and Raman spectroscopy manifest themselves in SFG
spectra. An evident advantage of this technique consists
in the possibility of obtaining the vibrational spectra of
adsorbates at elevated pressures (up to atmospheric
pressure) under 

 

in situ

 

 conditions.
The aim of this work was to study the interactions of

CO and methanol with the surface of palladium over
wide ranges of temperatures and pressures with the use
of XPS and SFG techniques.

EXPERIMENTAL

Experiments with the use of vibrational spectros-
copy (SFG) were performed on a specially designed
UHV spectrometer [14, 15]. The spectrometer had two
levels: an UHV chamber for sample preparation as the
top level and a high-pressure cell for 

 

in situ

 

 experiments
as the bottom level. The pressure of residual gases in
the system was no higher than 

 

5 

 

×

 

 10

 

–10

 

 mbar. The prep-
aration chamber was designed for the precleaning and
characterization of samples by temperature-pro-
grammed desorption (TPD), Auger spectroscopy, and
low-energy electron diffraction (LEED). The high-
pressure cell was a stainless-steel cylinder with optical
windows for laser radiation input and output and a sys-
tem for independent evacuation and gas admission [14].
Simultaneously to the recording of SFG spectra, the
composition of a reaction mixture in the cell could be
analyzed by a gas chromatograph. Correspondingly, the
accumulation of products in the course of catalytic
reactions could be monitored in a batch mode.

The XPS experiments were performed on a VG
ESCALAB HP UHV spectrometer. The design and
main performance characteristics of this spectrometer
were described in detail previously [17, 19–22]. The
vacuum system consisted of an analytical chamber and
two preparation chambers; both of them had an inde-

pendent evacuation facility and a gas admission system.
The pressure of residual gases was no higher than

 

5 

 

×

 

 10

 

–10

 

 mbar. A distinctive feature of the spectrometer
is the presence of systems for the differential evacua-
tion of an X-ray source and an analyzer of the kinetic
energies of electrons. With the use of a high-pressure
cell embedded in the analytical chamber of the spec-
trometer, this provides an opportunity to record XPS
spectra 

 

in situ

 

 at pressures up to 0.5 mbar under flow
conditions [19–22]. The gas flow rate over the sample
and the composition of the reaction mixture were
adjusted with precision inlet needle valves. A thermore-
sistive sensor was used for pressure measurements
within the catalytic cell.

The XPS spectra were measured with the use of
characteristic 

 

Al

 

K

 

α

 

 radiation (

 

h

 

ν

 

 = 1486.6 eV). The
scale of binding energies (

 

E

 

b

 

) of the spectrometer was
calibrated using the position of the 

 

Pd 3

 

d

 

5/2

 

 line (

 

E

 

b

 

 =
334.9 eV) in the spectrum of the clean Pd(111) surface.
To obtain detailed information, the spectra were
decomposed into individual components. After back-
ground subtraction by the Shirley method, the experi-
mental curve was decomposed into a number of lines
corresponding to the photoemission of electrons from
the inner levels of atoms in different chemical environ-
ments. The peak contours were approximated by a sym-
metric Doniach–Sunjic function. The line intensities in
the spectra were normalized to the integrated intensity
of the corresponding Pd 3

 

d

 

 lines.

A rectangular Pd(111) single crystal of size 

 

10 

 

×

 

 5

 

 mm
and 1.5 mm in thickness, which was prepared in accor-
dance with the standard procedure, was used as a test
material in the experiments. A resistive heater (W or
Mo wire) was fixed directly to the lateral surfaces of the
sample. A Chromel–Alumel thermocouple, which was
spot-welded to the edge of the crystal, was used for
temperature monitoring. A cooling system with liquid
nitrogen was used for operations at low temperatures.
Before experiments, the palladium surface was cleaned
in the vacuum chamber of the spectrometer using a
cycle of treatments including etching with 1- to 2-keV
argon ions, vacuum heating to 1250 K followed by
rapid cooling in oxygen (

 

P

 

 = 10

 

–6

 

 mbar) to 600 K, and
rapid heating in a vacuum to 1250 K. No impurities
were detected on the surface of palladium after several
treatment cycles; according to LEED data, the surface
structure corresponded to the (111) face. The purity of
the surface was monitored by XPS and Auger spectros-
copy.

Special attention was focused on the purity of gases
used in this study. It is well known that carbon monox-
ide readily reacts with transition metals to form volatile
carbonyl compounds [26, 27]. Therefore, CO contained
considerable amounts of iron carbonyl and nickel car-
bonyl impurities after long-term storage in metal gas
cylinders [15, 21]. These compounds are unstable, and
they readily dissociate at the surface of palladium even
at room temperature [28]. As a result, the decomposi-



 

KINETICS AND CATALYSIS

 

      

 

Vol. 46

 

      

 

No. 2

 

      

 

2005

 

ACTIVATION OF THE C–O BOND ON THE SURFACE OF PALLADIUM 271

 

tion products of carbonyl compounds can be accumu-
lated on the surface of test samples, in particular, in the
experiments performed at elevated pressures. In turn,
this may result in the inadequate interpretation of
experimental data. To eliminate the above problems,
the gas cylinder containing carbon monoxide was
cooled to liquid nitrogen temperature in the course of
all of the experiments. In this case, the partial pressure
of carbonyls in a gas phase was negligibly low, and the
accumulation of foreign impurities (C, Fe, Ni, etc.) on
the surface of palladium was not detected for several
hours. Before being supplied to the chamber of the
spectrometer, methanol was purified by freezing and
pumping to an ultrahigh vacuum. The purity of gases
supplied to the cell was monitored with the use of a
quadrupole mass spectrometer.

RESULTS AND DISCUSSION

 

Adsorption of CO on the Pd(111) Surface

 

The great interest of the adsorption of CO on the
surface of palladium to researchers is due to the practi-
cal importance of this metal (palladium is a constituent
of automotive exhaust afterburning catalysts) and the
sensitivity of the spectral characteristics of CO

 

ads

 

 to the
structure of surface centers. The latter circumstance is
responsible for the use of CO as a test molecule. It was
found in many studies that the adsorption of CO on the
surface of palladium under UHV conditions is nondis-
sociative; that is, it occurs without C–O bond cleavage
[8–10, 13–15, 21, 29–38]. The initial sticking coeffi-
cient is close to unity [31]. The adsorption is reversible;
carbon monoxide is completely removed from the sur-
face at ~500 K. The CO molecule is bound to the metal
surface through the carbon atom, and the molecular
axis is oriented perpendicularly to the surface. Depend-
ing on the surface structure and coverage, CO is
adsorbed to form 1-, 2-, and 3-fold bound states. The
higher the coordination of CO, the stronger the bond of
CO with the surface.

The combined use of LEED and vibrational spec-
troscopy demonstrated that the frequencies of stretch-
ing vibrations of the C–O bond in carbon monoxide
molecules adsorbed in 3-, 2-, and 1-fold bound states on
the Pd(111) surface are 1850, 1950, and 2100 cm

 

–1

 

,
respectively [30–35]. At low surface coverages, lower
than 0.33 monolayer (ML) (1 ML corresponds to the
density of atoms in the surface layer of the Pd(111) face
and is equal to 

 

1.53 

 

×

 

 

 

10

 

15

 

 atom/cm

 

2

 

), CO was adsorbed

in a threefold hollow bound state to form the 

 

(  

 

×

 

)R30°–1CO

 

 structure. In this case, an absorption
band at ~1850 cm

 

–1

 

 was observed in the IR-spectral
region of stretching vibrations 

 

ν

 

(C–O)

 

 [31]. A further
increase in the surface concentration of CO resulted in
the population of twofold bound states and in the for-
mation of the 

 

c

 

(4 

 

×

 

 2)–2CO

 

 structure at the coverage

 

Θ

 

 = 0.5 ML. In this case, an absorption band observed

3

3

 

at ~1920 cm

 

–1

 

 corresponded to the stretching vibrations
of CO in a bridging position (the CO molecule bound
to two palladium atoms) [31]. At high coverages, CO
molecules are adsorbed in bridging and terminal (singly

bound) states to form, for example, the (

 

4  

 

×

 

 8)rect

 

structure at 

 

Θ

 

 = 0.63 ML. The maximum CO coverage
for the Pd(111) face is 0.75 ML and corresponds to the

 

(2 

 

×

 

 2)–3CO

 

 structure (two molecules adsorbed in a
threefold hollow and one in a terminal state). In this
case, two intense lines at 1895 and 2107 cm

 

–1

 

 were
observed in the IR spectrum of 

 

ν

 

(C–O)

 

 stretching
vibrations [13, 15, 30–33]. In the case of UHV experi-
ments, an increase in the surface coverage with
adsorbed CO was provided by a decrease in the temper-
ature (a maximum coverage was reached at 

 

T

 

ads

 

 =
100 K).

At elevated pressures, the adsorption of CO on the
single-crystal surfaces of palladium occurred with the
formation of the same ordered structures as under UHV
conditions. Figure 1 shows the SFG and XPS spectra
measured 

 

in situ

 

 in the course of CO adsorption on the
atomically smooth surface of a Pd(111) single crystal at
400 K. At a low pressure (

 

P

 

CO

 

 = 10

 

–6

 

 mbar), the SFG
spectrum exhibited a line at 1910 cm

 

–1

 

, which corre-
sponds to the stretching vibrations of CO molecules
adsorbed in a bridging state. In the corresponding 

 

C 1

 

s

 

spectrum (Fig. 1b), a narrow symmetrical line appeared
at 285.6 eV. In accordance with SFG data, this line can
be attributed to CO molecules adsorbed in a bridging
state. As the pressure was increased, an SFG resonance
in the region 2075–2080 cm

 

–1

 

 was observed; this sug-
gests the appearance of terminal states because of an
increase in the surface concentration of CO. The 

 

C 1

 

s

 

line in the XPS spectrum broadened with increasing
pressure, and an additional signal with 

 

E

 

b

 

 = 286.3 eV
due to the terminal states of CO could be distinguished
by the deconvolution of the spectrum into individual
components. This assignment of C 1

 

s

 

 signals was sup-
ported by data published by Surnev 

 

et al.

 

 [36], who
found using high-resolution XPS that CO molecules
adsorbed on the Pd(111) surface in 3-, 2-, and 1-fold
bound states are characterized by similar C 1

 

s

 

 binding
energies of 285.6 

 

±

 

 0.1, 285.85, and 286.3 eV, respec-
tively. The C 1

 

s

 

 line at 290 eV, which appeared at high
pressures (Fig. 1b, curve 

 

3

 

), corresponds to carbon mon-
oxide in the gas phase; as a rule, this line was observed
at a CO pressure higher than 

 

5 

 

×

 

 10

 

–2

 

 mbar [21].
Note that not only XPS but also SFG spectroscopy

yields quantitative information on the surface coverage
with CO [21]. In the case of XPS, the integrated inten-
sity of the 

 

C 1

 

s

 

 XPS line is directly proportional to the
surface concentration of CO, whereas quantitative
information in the case of SFG spectroscopy can be
obtained from an analysis of the positions of the reso-
nance lines observed. This follows from the fact that the
frequency of stretching vibrations 

 

ν

 

(C–O)

 

 depends on
lateral interactions in the adsorption layer. As the num-
ber of CO molecules on the surface of palladium was

3
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decreased, the dipole–dipole interaction of CO mole-
cules in the adsorption layer weakened and the compe-
tition of these molecules for the 

 

d

 

 electrons of the metal
decreased. As a result, a low-frequency shift of 

 

ν

 

(C–O)

 

bands due to stretching vibrations occurred. Corre-
spondingly, each of the well-known structures of
adsorbed CO exhibited a characteristic IR spectrum
[30–35, 38]. Table 1 and Fig. 2 summarize the results of
quantitative analysis.

As can be seen, the surface coverage of Pd(111)
with CO molecules depends on temperature and pres-
sure. The maximum coverage 

 

Θ

 

 = 0.75 ML was
reached at 200 K and 1 mbar [15]. An increase in the
temperature noticeably decreased the equilibrium con-
centration of CO. At 400 K, the surface coverage with
CO was as low as 0.55 ML even at ~1 mbar. The above

results are consistent with published data [8–10, 31].
Thus, on the Pd(111) surface at 100 K, the formation of
the 

 

(2 × 2) structure was observed at a pressure of
10−6 mbar, whereas 700 mbar was required for the sur-
face coverage Θ = 0.75 ML even at 300 K [15]. The
isosteric heat of CO adsorption was ~23 kcal/mol at
Θ = 0.5 ML, as estimated based on the above data from
the Clausius–Clapeyron equation (d(lnP)/d(1/T) = −E/R).
This value is consistent with the results of thermal des-
orption studies [29, 32, 34].

Therefore, we used both high pressures and low tem-
peratures to reach maximum CO coverage. Figure 3
shows SFG and XPS spectra measured in situ in the course
of CO adsorption on the atomically smooth surface of a
Pd(111) single crystal at 200 K and PCO = 1 (SFG) or

Si
gn

al
 in

te
ns

ity

1935

1925

1910

2080

2075

3

2

1

1800 1900 2000 2100 2200
ν, cm–1

285.6
286.3

CO(gas)

3

2

1

280 282 284 286 288 290
Eb, eV

(‡) (b)

Fig. 1. (a) SFG and (b) C 1s XPS spectra recorded in situ in the course of CO adsorption on the atomically smooth surface Pd(111)
at 400 K and Pëé, mbar: (a) (1) 10–6, (2) 10–3, and (3) 1; (b) (1) 10–6, (2) 5 × 10–3, and (3) 0.1.

Table 1.  Quantitative data on the coverage (Θ, ML) of the atomically smooth surface Pd(111) with CO depending on tem-
perature and pressure

XPS SFG

P, mbar 200 K 300 K 400 K P, mbar 200 K 300 K 400 K

1 × 10–6 0.66 0.50 0.36 1 × 10–6 0.65 0.50 0.45

5 × 10–3 0.71 0.53 0.48 1 × 10–3 0.70 0.55 0.50

1 × 10–1 0.71 0.63 0.54 1 0.75 0.60 0.55

Note: To obtain the absolute values of surface coverage from XPS data, the coverage Θ = 0.50 ML was used as a reference point (P = 10–6 mbar,
T = 300 K [31, 38]). In the case of SFG, the coverage (±0.05 ML) was evaluated based on the dependence of the vibrational frequency
ν(C–O) on the surface concentration of CO. The SFG spectra of ordered structures at the coverages Θ = 0.50, 0.63, and 0.75 ML
were used as reference points [15, 21, 31, 38].
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0.1 (C 1s) mbar. In accordance with published data, the
SFG spectrum under these conditions exhibited bands
due to CO molecules adsorbed in threefold hollow and
terminal states. In Fig. 3b, the corresponding C 1s spec-
trum is compared with the spectrum obtained at T =
400 K and Pëé = 10–6 mbar, that is, under conditions of
the complete absence of a terminal state (see Fig. 1a).
In our opinion, difference spectrum 3, which was
obtained by subtracting the spectrum of the threefold

hollow state from the total spectrum, belongs to only
the terminal (on-top) state of adsorbed CO. An addi-
tional support for the validity of this assignment con-
sists in the ratio between the surface concentrations of
threefold bound COads species obtained from the spec-
trum measured at 10–6 mbar and 400 K and the differ-
ence spectrum; this ratio was found to be equal to ~1.9.
The resulting value is consistent with a ratio of 2, which
was determined previously for the (2 × 2)–3ëé struc-
ture, which characterizes maximum CO coverage (Θ =
0.75 ML). Note that a clearly defined component due to
the terminal state of adsorbed CO in the ë 1s spectrum
(Eb = 286.3 eV) lends support to the validity of the pro-
cedure of deconvolution used in the analysis of spectra
in Fig. 1.

Note that, in the course of in situ experiments per-
formed in pressure and temperature ranges from 10–6 to
1 mbar and from 200 to 400 K, respectively, we failed
to detect CO dissociation traces or the formation of new
adsorption states on the surface of Pd(111). In the case
of CO dissociation or the formation of carbonyl struc-
tures (for example, Pd(CO)2), the appearance of addi-
tional photoemission signals at 284 or 287 eV, respec-
tively, would be expected [39, 40]. In contrast, data
indicative of the dissociative character of CO adsorp-
tion on the surface of fine palladium particles were
reported in a number of publications [41–46]. Stará and
Matolín [46] reached a conclusion indicating the disso-
ciation of CO on palladium particles smaller than 4 nm.
The resulting carbon blocked the surface and prevented

0.2

0
10–6

ΘCO, ML

PCO, mbar

1.0

10110–5 10–4 10–3 10–2 10–1 100

0.4

0.6

0.8

10–7

1
2
3

1'
2'
3'

Fig. 2. The pressure dependence of the equilibrium CO cov-
erage on the surface Pd(111) at temperatures of (1, 1') 200,
(2, 2') 300, and (3, 3') 400 K from (1–3) XPS and (1'–3')
SFG data.
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Fig. 3. (a) SFG and (b) C 1s XPS spectra recorded in situ in the course of CO adsorption on the atomically smooth surface Pd(111)
at temperatures of (1) 200 and (2) 400 K and PCO, mbar: (a) (1) 1 or (2) 10–6; (b) (1) 0.1 and (2) 10–6. Spectrum 3 was obtained by
the direct subtraction of spectrum 2 from spectrum 1.
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subsequent adsorption of CO. The rate of CO decompo-
sition increased with decreasing particle size. The par-
tial decomposition of carbon monoxide on the surface
of supported palladium particles of size 2–3 nm was
observed even at low pressures of CO [44–46].

According to Matolín and coauthors [44–46], the
disproportionation of carbon monoxide on the surface
of fine palladium particles is directly related to the
appearance of specific surface defects. It is believed
that this conclusion is supported by the results obtained
by Matolín et al. [47]. In the cited study, the dissocia-
tion of CO and the formation of elemental carbon at
410 K and PCO = 10–6 mbar occurred on the surface of
palladium foil subjected to ion bombardment. Well-
annealed foil was inactive in the disproportionation of
CO under the same conditions.

Note that CO dissociation on the surface of palla-
dium particles of size 2–3 nm was not detected in other
studies [48–52]. An explanation of this contradiction is
the effect of catalyst preparation procedures on the
shape of supported palladium particles. It was hypoth-
esized that the morphology of particles and, corre-
spondingly, the relative concentration and nature of
defects on their surface changed depending on the con-
ditions under which palladium was supported [48–50].
On the other hand, it is believed that, under conditions
of UHV experiments, the rate of CO disproportionation
is rather low and the products of CO dissociation can
not always be detected. Indeed, in accordance with the
results of theoretical calculations, the probability of CO

dissociation on the surface of palladium is extremely
low [53–55].

Adsorption of CO on the Defect Pd(111) Surface

Within the framework of this study, we examined
the effect of surface defects on the dissociation of car-
bon monoxide in the course of CO adsorption on the
defect surface of Pd(111). To prepare the defect sur-
face, a precleaned sample was subjected to argon ion
bombardment for an extended period (30 min; current
density of 20 µA/cm2) without subsequent annealing.
In accordance with previous studies, the surface of a
Pd(111) single crystal after argon etching consists of
(111) terraces with great numbers of defects, such as
steps, edges, and fractures [13, 15, 56]. Indeed, in this
case, a noticeable blurring of the LEED image was
observed; this fact provides support for the formation of
a defect structure on the surface. As found previously,
the crystal should be heated to 500–600 K in order to
anneal induced defects [13, 15].

Figure 4 demonstrates the C 1s XPS and SFG spectra
measured in the course of CO adsorption on atomically
smooth and defect surfaces of a Pd(111) single crystal at
300 K. At a low pressure (PCO = 10–6 mbar), the SFG
spectrum of the atomically smooth surface exhibited two
lines at 1935 and 2075 cm–1, which correspond to the
stretching vibrations of CO molecules in bridging and
terminal states, respectively. In this case, the C 1s XPS
spectrum exhibited a line with Eb = 285.6 eV, which sug-
gests the predominance of CO in a bridging form on the
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Fig. 4. (a) SFG and (b) C 1s XPS spectra recorded in situ in the course of CO adsorption at 300 K on the (1, 2) atomically smooth
and (3, 4) defect surfaces Pd(111) at PCO, mbar: (a) (1) <10–10 and (2, 3) 10–6; (b) (1) <10–10, (2, 3) 10–6, and (4) 10–1. (c) Difference
spectra 3–2 and 4–3 were obtained by the direct subtraction of corresponding XPS spectra.
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surface [21, 37]. The formation of CO molecules
adsorbed in a terminal form was detected by the appear-
ance of an additional component with Eb = 286.2 eV,
which manifested itself as a weakly pronounced shoul-
der on the side of higher binding energies in the C 1s
spectrum.

In the case of the defect surface, the adsorption of
CO resulted in the appearance of an additional SFG res-
onance in the region 1980–1992 cm–1 (Fig. 4a). At the
same time, an increase in the relative intensity of the
C 1s line by ~20% was observed; this suggests an
increase in the specific surface area of the sample as a
result of ion etching. An inadequate resolving power of
the XPS spectrometer did not allow us to detect directly
the appearance of additional C 1s components (Fig. 4b)
in the case of CO adsorption on the defect surface of
Pd(111). However, the use of a procedure of spectra
subtraction (Fig. 4c) allowed us to detect spectroscopic
differences in the XPS spectra. Thus, after subtracting
the C 1s spectrum of the atomically smooth surface
from the corresponding spectrum of the defect surface
(PCO = 10–6 mbar), an additional C 1s state with Eb =
285.8 eV was clearly pronounced (Fig. 4c, spectrum 3–2).
At higher pressures, the terminal states are more populated
and, accordingly, the difference spectrum shows a peak at
~286.2 eV (Fig. 4c, spectrum 4–3).

Previously, in a study of CO adsorption on the sup-
ported palladium clusters Pd/Al2O3/NiAl(110), it was
found that CO molecules adsorbed in a bridging form
on the (111) faces of palladium particles, as well as on
the Pd(111) single-crystal surfaces, are characterized
by the frequency of stretching vibrations ν(C–O)
within the range 1910–1970 cm–1. Higher vibrational
frequencies (1970–2000 cm–1) correspond to CO mole-
cules adsorbed on defects such as the fractures and
edges of palladium nanoclusters [13–15, 51–53]. Con-
sequently, the SFG resonance observed in the region
1980–1992 cm–1, as well as the additional C 1s state
(Eb = 285.8 eV), belongs to CO molecules adsorbed in
a bridging form at surface defects.

Unlike Matolín et al. [47], we did not detect CO dis-
sociation traces on the defect surface of palladium. The
adsorption of CO on both atomically smooth and defect
surfaces of a Pd(111) single crystal was molecular even
at elevated pressures. The accumulation of adsorbed
carbon on the surface of palladium was not observed
even after a long exposure at PCO = 0.1 mbar and T =
400 K for several hours. The reason for the inconsis-
tency of the above data with the published results [47]
is unclear. It is likely that the previously observed effect
of the formation of adsorbed carbon on the defect sur-
face of palladium foil in the course of CO adsorption
was due to the presence of carbonyl compounds in a gas
phase [15, 21] or the segregation of carbon from the
bulk of palladium [57].

The refutation of the defect-induced mechanism of
CO dissociation [47] casts doubt on the hypothesis that
carbon monoxide can also disproportionate on the sur-

face of highly dispersed palladium particles [41–46]. It
is most likely that the effect of trace impurities in the
support and redistribution of these impurities in the
course of catalyst preparation rather than particle size
and the occurrence of specific defects play a crucial role
in the dissociation of CO. The so-called strong metal–
support interaction may also occur to result in the for-
mation of intermetallic compounds at the metal–sup-
port interface. For example, in the case of Pt/TiO2 cat-
alysts, the formation of PtxTi fragments was assumed
[58]. Indeed, the adsorption properties of the surfaces
of Pt3Ti polycrystals and single crystals and Pt/TiO2
catalysts are significantly different from the properties
of platinum monoliths [59]. It is believed that, in this
case, the carbon atoms of adsorbed CO molecules inter-
act with platinum atoms, which bear a small negative
charge (Ptδ–), whereas the oxygen atoms react with pos-
itively charged Tiδ+ atoms. This state of adsorbed CO
molecules is a predissociation state. An analogous
model of the dissociative adsorption of CO was also
proposed for a palladium–aluminum alloy [60]. It is
likely that, in the course of preparation of Pd/γ-Al2O3
catalysts [46], the partial reduction of aluminum occurs
with the formation of PdAl fragments. The adsorption
of CO on these fragments results in a considerable
weakening of the C–O bond in carbon monoxide mole-
cules.

Methanol Decomposition on the Surface of Palladium

The inactivity of pure palladium in the dissociation
of the C–O bond explains the activity of supported pal-
ladium catalysts in the synthesis of methanol [61]. A
low contribution from the step of C–O bond cleavage,
as compared with the steps of C–H and O–H bond for-
mation, is responsible for the high selectivity of CO
hydrogenation to methanol rather than methane on pal-
ladium, as in the case of a number of other metals
(Co, Ni). At the same time, the formation of hydrogen-
containing intermediates can accelerate the dissocia-
tion of the C–O bond and result in the buildup of carbon
deposits on the surface of palladium, which causes cat-
alyst deactivation. However, note that this reaction can-
not be studied with the use of physical techniques
because the synthesis of methanol takes place only at
high pressures [61]. Therefore, many researchers stud-
ied the mechanism of a reverse reaction of methanol
decomposition. Based on the principle of microscopic
reversibility, it is believed that the reactions of CO
hydrogenation to ëç3éç and methanol decomposition
occur via the same intermediate steps.

Although the interaction of methanol with the sur-
face of palladium was studied in detail by different
teams of researchers, the mechanism of methanol
decomposition is still an unsettled question [62–82].
The majority of authors are in agreement that the pre-
dominant path of this reaction is methanol dehydroge-
nation to CO and H2 [62–71]. On the other hand, some
authors have assumed the possibility of C–O bond
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cleavage and the formation of adsorbed CHx (x = 0–3)
species [72–79]. Thus, the study of methanol adsorp-
tion on a polycrystalline palladium film at 120 and
300 K by ultraviolet photoelectron spectroscopy (UPS)
allowed Lüth et al. [62] to find that, at a low tempera-
ture, methanol was molecularly adsorbed and bound to
the metal surface through the lone electron pair of oxy-
gen. At room temperature, methanol underwent decom-
position with the formation of adsorbed CO and hydro-
gen. The studies of methanol decomposition on
Pd(111) by secondary ion mass spectrometry (SIMS)
[74] and electron-energy loss spectroscopy (EELS)
[65] demonstrated that, at the first step, the decomposi-
tion of methanol occurred via O–H bond cleavage in
the adsorbed methanol molecule with the formation of
CH3O groups. Upon subsequent heating, these groups
decomposed to CO by stepwise elimination of hydro-
gen atoms with the formation of CH2Oads and CHOads
intermediates. Analogous conclusions were also drawn
based on the results obtained by TPD and EELS [70, 71].

Winograd and coauthors [72, 73], who used XPS,
SIMS, and TPD techniques, were the first to assume the
possibility of C–O bond dissociation in the methanol
molecule upon adsorption on the surface of Pd(111).
After the adsorption of methanol at 110 K (Θ ~ 0.5 ML)
followed by heating to 175 K in a vacuum, the forma-
tion of methyl fragments (CH3, ads) with the concentra-
tion Θ = 0.04 ML was observed on the Pd(111) surface.
As the temperature was increased, CH3 groups were
further dehydrogenated to form CH2, ads, CHads, and Cads
fragments. The accumulation of a small number of
adsorbed CH3 groups on the Pd(100) surface was also
observed upon continuous supply of methanol at tem-
peratures higher than 300 K [64]. On the other hand, the
use of 13CH3

16OH and 12CH3
18OH isotope labels in a

study of C–O bond activation in methanol on Pd(111)
over a wide temperature range (87–265 K) did not
allow Guo et al. [69] to detect the trace products of C–
O bond cleavage in methanol using TPD with a sensi-
tivity of ~0.01 ML.

To explain this contradiction, it was hypothesized
[66, 80] that the activation of the C–O bond occurs
only at specific defect sites, which also occur in small
amounts on real single-crystal surfaces. This hypoth-
esis was further supported by Schauermann et al. [78,
79], who found that the decomposition of methanol
and the formation of CHx fragments occur with a
high efficiency on the supported palladium clusters
Pd/Al2O3/NiAl(110) at temperatures higher than 300 K.
However, in our opinion, differences in the kinetics of
various reaction paths in methanol decomposition on
the surface of palladium may be responsible for contra-
dictory experimental data. Because the rate of methanol
dehydrogenation to CO is higher than the rate of meth-
anol decomposition with C–O bond cleavage by about
two orders of magnitude [79], it is practically impossi-
ble to detect the formation of CHx, ads fragments in UHV

experiments (low temperatures and low methanol expo-
sures).

To test our hypothesis, in this work we used XPS
and SFG spectroscopy for studying the interaction of
methanol with the atomically smooth Pd(111) surface
on varying temperature and pressure. Figure 5 shows
the SFG and C 1s XPS spectra obtained in situ in the
course of methanol decomposition on the Pd(111) sur-
face at 300 and 400 K. As can be seen, the adsorption
of methanol at 10–6 mbar and room temperature
resulted in the appearance of a resonance in the SFG
spectra with a vibration frequency of 1915 cm–1, which
corresponds to adsorbed CO molecules in bridging
from with Θ ~ 0.5 ML [15, 21, 30–35, 38]. In this case,
the C 1s spectrum exhibited two components with bind-
ing energies of ~284 and 285.6 eV. In accordance with
published data [21, 36, 39], the former line can be
attributed to CHx, ads (x = 0–3) hydrocarbon species,
whereas the latter can be ascribed to oxygen-containing
fragments like CHxOads (x = 0–3). However, the quanti-
tative agreement between the coverage (Θ ~ 0.5 ML)
determined from the relative intensity of the C 1s signal
with Eb = 285.6 eV and SFG data allowed us to narrow
the range of conceivable candidates and to attribute this
signal to adsorbed CO. This assignment was supported
by the results of many EELS studies; it was found that
the decomposition of CH3O groups to COads on the sur-
face of palladium occurred even at 200–250 K [65, 68,
71]. The intensity of the first component of the C 1s
spectrum continuously increased with time, whereas
the surface concentration of CO remained practically
unchanged (Table 2, Fig. 6).

An increase in the temperature to 400 K or in the
pressure to 0.1 mbar resulted in a dramatic increase in
the surface concentration of CHx species (Fig. 5). Thus,
at 300 K and PMeOH = 0.1 mbar, the C 1s line intensity
(Eb = 283.8 eV) corresponds to Θ ~ 1.0 ML (Table 2).
In spite of these high coverages, a portion of the surface
was covered with adsorbed CO molecules with Θ ~ 0.4–
0.5 ML (Fig. 5, Table 2). The excess of the total amount
of adsorbed species (both ëçx and CO) over a mono-
layer coverage can be explained by either the dissolu-
tion of a portion of carbon in the near-surface region of
palladium [83] or the formation of three-dimensional
carbon structures. At 400 K and P = 0.1 mbar, the
amount of carbon additionally increased (Θ ~ 1.5 ML),
and a slight shift of this C 1s component to higher bind-
ing energies (Eb = 284.0 eV) was observed. This may
represent a manifestation of the above transformations
of carbon deposits. The C 1s line at 288 eV is due to
gas-phase methanol.

Thus, the above results unambiguously demonstrate
that the activation of the C–O bond in methanol also
occurs at a detectable rate on the atomically smooth
Pd(111) surface at 300–400 K. The rate of decomposi-
tion of methanol and the rate of formation of adsorbed
carbon increased with pressure and temperature. The
resulting carbon caused the carbonization and complete
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deactivation of the surface. Even at elevated pressures
(15–30 mbar of methanol in an atmosphere of helium),
we failed to detect the buildup of methanol decomposi-
tion products on Pd(111) at 300–600 K for several
hours using gas chromatography. However, on the addi-
tion of oxygen to the reaction mixture, a rapid oxidation
of methanol to CO2 and H2O was observed. The decom-
position of methanol is not a structure-sensitive reac-

tion, and it occurs at approximately equal rates on both
atomically smooth and defect Pd(111) surfaces [10].
The decomposition of methanol on the surface of
Pd(111) was considered in more detail in [77].

Mechanism of C–O Bond Activation
on the Surface of Palladium

The donor–acceptor model proposed by Blyholder
[84] is most frequently used for describing the interac-
tion of adsorbed CO molecules with transition-metal
surfaces. According to this model, the CO molecule is
bound to the metal surface via the carbon atom, and the
molecular axis is oriented perpendicularly to the sur-
face. The chemisorption M–CO bond is formed
because of electron-density transfer from the 5σ molec-
ular orbital of CO to unoccupied d orbitals of the metal.
A reverse donation of electrons from the occupied d
orbitals of the metal to the unoccupied 2π* orbital of
CO is observed simultaneously. The 4σ and 1π molec-
ular orbitals of the CO molecule are bonding orbitals,
and they practically do not participate in the formation
of M–CO bonds. The Blyholder model was theoreti-
cally substantiated in [85, 86]. The M–CO donor–
acceptor interaction in a wide range of transition metals
was supported experimentally by UPS [87].
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In terms of this model, the mechanism of C–O bond
activation was studied. It was found that electron-den-
sity transfer from the 5σ orbital of CO to unoccupied
orbitals of the metal had almost no effect on the
strength of the C–O bond, whereas the reverse donation
of electrons from the d orbitals of the metal to the anti-
bonding 2π* orbital of CO resulted in its destabiliza-
tion. It was demonstrated that the activation energy of
C–O bond dissociation correlates with the occupancy
of the antibonding 2π* orbital [7, 87].

The geometric structure of an adsorption complex is
also considered among factors responsible for the prob-
ability of C–O dissociation on the surfaces of transition
metals. It is believed that the C–O bond is activated
because of the formation of a predissociative state, in
which both the carbon atom and the oxygen atom of the
CO molecule are chemically bound to the surface [7, 88].
It was found that, at 120 K, the adsorption of CO on the
Cr(110) surface at low coverages (Θ < 0.25 ML)
resulted in the formation of the c(4 × 2) structure, in
which the CO molecules are oriented parallel to the sur-
face [89, 90]. This state of adsorbed carbon monoxide
is characterized by an unusually low frequency of
stretching vibrations ν(C–O) in the range 1150–
1330 cm–1, which is indicative of a considerable weak-
ening of the C–O bond. On heating to 200 K, the disso-
ciation of CO was observed. In a study of CO adsorp-
tion on the Fe(100) surface by X-ray absorption, an
adsorption species with the CO molecule inclined at an
angle of 45° ± 10° to the surface was detected [91, 92].
According to Moon and coauthors [91, 92], this state is
also a precursor of CO dissociation. Of course, electron
and geometry factors are interrelated in the activation
of the C–O bond. In the predissociative state, in which
the molecular axis of CO is considerably deflected from
a normal to the surface, the hybridization of the 2π*
orbital of CO with the d orbitals of the metal and, cor-
respondingly, a weakening of the C–O bond occurred.

The formation of adsorption complexes, in which
the molecular axis of CO is deflected with respect to a
normal to the surface, was detected in the majority of
transition metals. As a consequence, the following reac-

tion of carbon monoxide disproportionation (Boudart
reaction) occurs on the surfaces of many transition met-
als at elevated temperatures [7]:

ëé + ëé  ëads + ëé2.

In the case of palladium, adsorbed carbon monoxide
molecules are oriented perpendicularly to the surface.
Note that this structure of the adsorption complex was
found in both the closely packed face Pd(111) and the
stepped faces Pd(112) and Pd(311) [93–95]. Conse-
quently, the dissociation of CO on the pure surface of
palladium is improbable. In full agreement with the
above statement, we did not detect dissociation traces
in the course of carbon monoxide adsorption on atomi-
cally smooth and defect Pd(111) surfaces over wide
ranges of temperatures (200–400 K) and pressures
(10−6–1 mbar).

Another mechanism of C–O bond activation should
take place in the case of methanol adsorption. Indeed,
in the course of methanol dehydrogenation, the geo-
metric structure of the adsorption complex was dramat-
ically changed. Figure 7 shows the conceivable steps of
the molecular transformation of methanol in the course
of dehydrogenation to CO by the reaction

ëç3éç  ëé + 2ç2.

In accordance with experimental data, the initial step of
methanol decomposition is the cleavage of the O–H
bond and the formation of ëç3éads [65, 67–71]. Meth-
oxy groups, as well as adsorbed methanol molecules,
are bound to the surface of palladium through the lone
electron pair of the oxygen atom and oriented almost
perpendicularly to the surface [62]. In the course of fur-
ther dehydrogenation, the molecular axis of the
adsorbed complex turned through 90°, so that formal-
dehyde (ëç2éads) and formyl (CHOads) were oriented
parallel to the surface of palladium [80–82]. As men-
tioned above, the final product of dehydrogenation (the
CO molecule) was oriented perpendicularly to the sur-
face and bound to metal atoms through the carbon atom
[93–95]. The occurrence of ëçxé (x = 1–2) adsorption
complexes oriented parallel to the surface of palladium

Table 2.  Changes in the surface concentrations of CO and CHx, ads (Θ, ML) during the adsorption of CH3OH on the atomi-
cally smooth surface Pd(111) at 300 and 400 K

Experimental conditions
Time, min

Surface species
30 90 150 210 270

 = 10–6 mbar, T = 300 K 0.03 0.15 0.19 0.21 0.26 CHx

0.48 0.47 0.47 0.47 0.43 CO

 = 10–6 mbar, T = 400 K 0.17 0.33 0.48 0.62 0.74 CHx

0.19 0.17 0.16 0.17 0.17 CO

 = 0.1 mbar, T = 300 K 1.0 0.97 1.0 0.93 – CHx

0.50 0.48 0.41 0.37 – CO

PCH3OH

PCH3OH

PCH3OH
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suggests that they can be considered as predissociation
states that result in C–O bond cleavage (see Fig. 7).

The formation of carbon deposits on the atomically
smooth surface Pd(111) that was detected in this work
(Fig. 5), provides support for the validity of the mecha-
nism of C–O bond activation in the interaction of meth-
anol with the surface of palladium (Fig. 7 illustrates this
mechanism). Evidently, an increase in the lifetime of
reaction intermediates of methanol dehydrogenation
will result in a higher probability of C–O bond dissoci-
ation. It is likely that this circumstance can also explain
the observed increase in the rate of carbon buildup at high
pressures (Fig. 5) in the case of defect sites on the surface
of supported palladium clusters [78, 79].

Taking into account the principle of microreversibil-
ity, we assume that C–O bond dissociation and catalyst
deactivation due to the accumulation of carbon deposits
can also occur in the case of the reaction of CO hydro-
genation on palladium

CO + 2H2  CH3OH.

Indeed, we previously detected the appearance of a cor-
responding C 1s signal (Eb ~284 eV) in the XPS spectra
measured in situ in the course of the interaction of CO +
H2 mixtures with the surface Pd(111) [96].

CONCLUSIONS

We studied the adsorption of CO on atomically
smooth and defect Pd(111) surfaces using SFG and
XPS techniques over the temperature range 200–400 K
and the pressure range 10–6–1 mbar. We found that car-
bon monoxide was adsorbed as surface forms such as
threefold hollow, bridging, and terminal species, even
at high pressures. High pressures allowed us to reach

higher equilibrium coverages, particularly in the case
of the most weakly bound terminal state of CO. We
have not found any evidence for the dissociation of CO
or the formation of carbonyls on clean palladium sur-
faces under conditions of our experiments, although it
has been hypothesized in the last few years that this can
occur at elevated pressures.

In contrast to CO, the character of methanol adsorp-
tion on Pd(111) depends on pressure. Along with the
well-known reaction path of CH3OH decomposition to
CO and hydrogen, which was identified previously in
many UHV experiments, the contribution of the slow
process of methanol decomposition to elemental car-
bon increases at high pressures. Finally, the formation
of carbon results in the complete deactivation of the
surface.

The experimental data are explained in terms of the
Blyholder model, which describes the interaction of
CO with transition metal surfaces with the use of elec-
tron-density transfer between the d orbitals of the metal
and the 5σ/2π* molecular orbitals of CO. It is hypoth-
esized that the geometry of the adsorption complex is a
key factor in this interaction (particularly in the reverse
donation of electrons from the metal to the 2π* anti-
bonding orbital, which facilitates the dissociation of the
C–O bond). In the case of adsorbed CO, the perpendic-
ular arrangement of the molecular axis decreases the
contribution of the reverse donation; consequently, it is
responsible for the inactivity of palladium in C–O bond
dissociation. In the case of methanol dehydrogenation
(or CO hydrogenation), the formation of intermediates
such as ëçxé (x = 1 or 2), whose axes are arranged par-
allel to the surface of palladium, facilitates electron
transfer form the metal to the 2π* antibonding orbital of
CO to weaken the strength of the C–O bond. Finally,
this results in the dissociation of this bond and in the
blocking of the palladium surface by carbon deposits.
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