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Abstract

Methanol adsorption/desorption and its time- and temperature-dependent decomposition on well-annealed and
defect-rich (ion-bombarded) Pd(111) were examined by X-ray photoelectron spectroscopy (XPS) and polarization-
modulation infrared reflection absorption spectroscopy (PM-IRAS). Annealing CH;0OH multilayers from 100 to 700 K
mainly resulted in CH;0OH desorption. Dehydrogenation to CO was a minor path and only trace amounts of carbon or
carbonaceous species (CH,; x = 0-3) were produced, i.e. C-O bond scission was very limited. By contrast, an exposure
of 5x 1077 mbar CH3OH at 300 K produced CH, (~0.3 ML) on both surfaces but the rate of formation was not
considerably enhanced by surface defects. On well-annealed Pd(1 1 1) isolated carbon atoms were identified by XPS in
the early stages of carbon deposition, with carbon diffusion leading to the growth of carbon clusters in the later stages.
Since carbon(aceous) species may either originate from C-O bond scission within methanol (or CH,O) or from a
consecutive dissociation of the dehydrogenation product CO, analogous experiments were also carried out with CO.
PM-IRAS spectra up to 170 mbar CO, acquired using a UHV-high-pressure cell, did not show any indications of CO
dissociation, excluding CO as source of carbonaceous deposits.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction studies in the past (e.g. [1-4] and references
therein). Methanol decomposition to CO and H,

Methanol adsorption/desorption and, in par- on Pd catalysts may provide a valuable source of
ticular, methanol decomposition on noble metals hydrogen, e.g. for hydrogen-driven vehicles.
has been the subject of many surface-analytical However, catalyst deactivation by carbon deposits

represents a serious limitation of this process.
Consequently, one frequently discussed question is
Y the probability of O-H versus C-O bond scission,
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Previous reports on Pd(11 1) suggested that C-O
bond scission is facilitated by near monolayer
methanol coverages [1] or by surface defects [4,5].
For Pd-Al,0O3; model catalysts C—O bond scission
during methanol decomposition was reported to
preferentially occur on particle steps and edges
[6,7]. An increased activity of low-coordinated
sites on Rh nanocrystals supported by Al,O; was
also observed for hydrocarbon hydrogenolysis [8]
and CO dissociation [9].

We have tried to address these issues by
studying methanol decomposition both on well-
annealed and defect-rich Pd(111), combining
X-ray photoelectron spectroscopy (XPS) and pola-
rization-modulation infrared reflection absorption
spectroscopy (PM-IRAS). Ion-bombardment was
utilized to create surface defects but it is not clear
if the defects generated this way are equivalent to
those on nanoparticles. The Pd surfaces were ex-
posed to methanol exposures typical of thermal
desorption studies under ultrahigh vacuum (UHV)
as well as to an “elevated” methanol background
pressure (5% 1077 mbar), simulating higher impin-
gement rates. The time- and temperature-depen-
dent evolution of carbonaceous species was studied
by XPS, while PM-IRAS was mainly applied to
characterize high-pressure (170 mbar) CO struc-
tures to elucidate possible sources for carbon
deposits.

2. Experimental

The experimental set-up combines a UHV sur-
face analysis chamber with a UHV-high-pressure
cell optimised for glancing-incidence PM-IRAS.
“Smooth” Pd(111) was prepared as described in
[10] and inspected by low energy electron diffrac-
tion (LEED) and XPS (Phoibos 150 using MgKa
irradiation with a resolution of ~1 eV). Defect-
rich Pd(111) was prepared by subsequent ion-
bombardment (1 keV Art at 300 K, 5-10 min),
and briefly flashed to 500 K to eliminate residual
CO and reduce carbon traces below 0.05 ML
(carbon had reappeared due to uncovering sub-
surface carbon by ion erosion). Even after flashing
to 500 K the surface remained defective, as indi-
cated by broad LEED reflections and a high

background. Methanol (p.a.) was cleaned by
freeze-thaw cycles, while CO (99.997%) was puri-
fied using a liquid nitrogen cold trap and a car-
bonyl absorber cartridge.

XPS spectra were acquired in situ during
methanol exposure and normalized to the Pd3ds),
integral intensity at 334.9 eV. For PM-IRAS
(Bruker IFS66v/S FTIR spectrometer, Hinds-
PEM-90 photoelastic modulator), the sample was
transferred under UHV to the high-pressure cell
(equipped with BaF, windows) [10]. PM-IRAS
utilizes the polarization modulation of the incident
infrared light and is based on the predominance of
p- over s-polarized light at a metal surface.
Accordingly, the differential reflectance AR/R
measured with PM-IRAS represents the surface-
specific vibrational spectrum while no gas phase
species are detected. For further details about
PM-IRAS we refer to [11,12].

3. Results and discussion

Systematic scanning tunneling microscopy
(STM) studies of ion-bombarded transition metal
surfaces have shown that high ion doses (Art,
Ne*, Xe™) produced surface defects such as va-
cancy pits [13,14]. These are the result of the
nucleation and growth of vacancy islands inside
other previously existing vacancy islands. The
morphology of vacancy pits is quite characteristic,
with many exposed atomic layers and with a high
density of steps and kinks (for STM images see
[13]). By comparison with previous work [13,14]
we estimate that 5-10 ML of Pd are removed by
the ion bombardment and that ~50% of the sur-
face atoms can be considered as defect sites. In a
previous SFG study of CO adsorption on sput-
tered Pd(111) [10], the surface defects produced
an additional CO binding site (~1990 cm™') which
was not observed on well-annealed Pd(111). Since
annealing to ~600 K was necessary to fully remove
the defects, the defects are stable under the con-
ditions applied here.

Fig. 1 shows XPS spectra acquired after
adsorbing 15 L (langmuir; 10~¢ Torrs) CH;OH on
ion-bombarded Pd(111) at 100 K. As mentioned
before, trace amounts of carbon were present on
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Fig. 1. XPS Cls core-level spectra measured during CH;0H
desorption between 100 and 450 K (exposure: 15 L CH;OH at
100 K).

the sputtered surface but should be negligible since
their concentration is much smaller than that of
surface defects. XPS spectra were then acquired at
increasing temperature. Their interpretation was
aided by temperature-programmed desorption
(TPD) (not shown; see e.g. [1]) and by previous
XPS studies on Pd(111). TPD indicated desorp-
tion maxima at ~140 and ~175 K for CH;0H
multilayer and CH3;OH monolayer desorption,
respectively.

We first discuss Cls signals around 286 eV,
which may originate from CH;OH, CH,O (x =
3-1) and CO. At 100 K, a multilayer of CH;OH is
present, producing a single Cls peak with a binding
energy (BE) of 287.4 eV. At this point, no Pd signal
was observed, i.e. only the uppermost CH;OH
layers contributed to the XPS spectrum. At 125 K,
the multilayer partially desorbed, as indicated by
the small shift to 287.3 eV, and the appearance of a
very small Pd3d signal. Upon increasing the tem-
perature to 150 K, the CH;OH multilayer desorbed
and ~1 ML CH;O0H remained (as indicated by a
strong reduction of the Cls intensity, a shift to
287.0 eV and the clear appearance of Pd3d signals).
Further increasing the temperature to 175 K
slightly reduced the Cls signal (coverage ~0.9 ML
assuming no changes in the Cls sensitivity factor)
but the BE was shifted to 286.6 eV. Based on pre-
vious XPS and secondary ion mass spectrometry
(SIMS) studies on “smooth” Pd(111) [1,4] this
indicates the onset of CH;0 (methoxy) formation
by O-H bond scission. At 200, 250 and 300 K the

Cls intensity further decreased (0.6-0.3 ML) and
the BE shifted to 286.2, 286.1 and 286.0 eV,
respectively. Several processes occur simulta-
neously between 200 and 400 K: methanol desorp-
tion, dehydrogenation of CH30O via CH,O to CO,
and partial desorption of CO. The 286.0 eV peak at
300 K is due to CO and CH,O (~0.2 ML). At 450
K, the Cls signal around 286 ¢V nearly vanished
due to CO desorption.

We now focus on the small Cls signals around
284.4 eV which appeared in the spectra between 150
and 450 K. A BE of 284.4 eV is typical of carbon
but hydrocarbon species (CH,; x = 3-1) cannot be
ruled out. When compared to the (fresh) ion-
bombarded surface prior to CH;OH exposure, only
a small (=0.05 ML) increase of carbon or CH, was
detected. This indicates that methanolic C-O bond
scission is very limited under the applied conditions
and that CH3OH desorption and dehydrogenation
dominate. At ~700 K the signal at 284.4 eV
fully disappeared due to carbon dissolution in the
Pd bulk. However, most importantly, a very similar
result was obtained for CH;OH desorption/
decomposition on well-annealed Pd(111) indicat-
ing that C-O bond scission was not considerably
enhanced by surface defects.

Since C—O bond scission should be facilitated at
higher temperature, experiments were also carried
out at 300 K, exposing the Pd surfaces to 5x 1077
mbar CH;OH. Fig. 2 compares XPS spectra of
well-annealed and defect-rich Pd(111) taken after
80 min of CH3;0H exposure. In both cases two
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Fig. 2. XPS Cls core-level spectra measured after exposing
well-annealed (a) and ion-bombarded (b) Pd(111) to 5x 1077
mbar CH;OH for 80 min (300 K).
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peaks were observed, at 285.8 eV due to CO and
CH,O and at 284.1 eV due to carbon or carbo-
naceous species (~0.3 ML). Apparently, under
these conditions a higher (total) amount of C-O
bond scission takes place but it is again found
independent of surface structure.

Fig. 3a compares the time-dependent signal
intensity of carbonaceous species on the two sur-
faces. On the timescale studied, both for perfect
and defect-rich Pd(11 1) the rate of CH, (x = 0-3)
formation is very similar, except from an “offset”,
i.e. the carbon initially present on the sputtered
surface (as described above). Fig. 3b shows the
evolution of the BE of the carbonaceous species
with time. On the perfect (111) surface the BE
shifted from 283.8 to 284.05 eV and, according to
a study by Rodriguez et al. [15], can be interpreted
as a transition from isolated carbon atoms to
carbon clusters. This suggests that on perfect
Pd(111) isolated carbon atoms initially result
from C-O bond scission which then act as nucle-
ation centers for subsequently produced carbon
atoms (diffusing over the surface), finally leading
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Fig. 3. Time-evolution of the integral intensity of carbonaceous
species (a) and of their Cls binding energy (b), both for well-
annealed and defect-rich Pd(11 1); see text.

to carbon clusters (hydrocarbon fragments cannot
be excluded though). By contrast, on the sputtered
surface small carbon clusters are already present
from the beginning and subsequent carbon depo-
sition increases the amount of carbonaceous spe-
cies but does not shift the binding energy (Fig. 3b).

Summarizing, in agreement with previous
studies we confirm that under typical UHV con-
ditions C-O bond scission is only a very minor
path in CH;0H decomposition on well-annealed
Pd(111) (e.g. [1]). In addition, we find that surface
defects created by ion-bombardment do not en-
hance C-O bond scission. Catalyst deactivation is
hence not an issue under UHV conditions. If the
CH;OH pressure is raised to 5x 1077 mbar at 300
K, carbon deposition becomes considerable, which
poisons the catalyst and limits the usefulness of
CH;0H decomposition as hydrogen source.
However, also at that pressure C—O bond scission
was not significantly enhanced by surface defects.
With respect to previous studies on Pd—-Al, O3 [6] it
appears that the behavior of step and edge sites on
Pd nanoparticles (which exhibited an increased
C-O bond scission activity) is not mimicked by
sputter-induced defects.

Because XPS cannot fully differentiate between
CH;0H, CH,O and CO (at least with the resolu-
tion of our X-ray gun), further experiments were
carried out using infrared spectroscopy. Fig. 4
shows a PM-IRAS spectrum of 6 L CH;0H on
Pd(111), with typical bands at 2830 cm™' (vCH3),
1455 cm™! (8CHj3), 1130 cm™' (pCHj3), and 1045
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Fig. 4. (a) PM-IRAS spectrum of 6 L CH;0H on Pd(111) at
100 K. (b) PM-IRAS and SFG spectra of 170 mbar and 100
mbar CO on Pd(111) at 190 K, respectively.
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cm~! (vCO). A very small CO signal was observed,
which rather originates from residual CO than
from CH;OH decomposition [1,16]. With increa-
sing temperature, the CH3;OH bands vanished,
again suggesting that desorption dominated over
dehydrogenation (and C-O bond scission) under
UHV. Experiments at higher pressures of ~107¢
mbar (corresponding to Fig. 2) are in progress.

Another question related to carbon deposits is
their origin, i.e. do carbon(aceous) species directly
originate from CH3;OH (via CH,O [4] or dehy-
dration [1,3]) or are they due to dissociation of the
decomposition product CO? CO dissociation was,
for instance, reported for Pd nanoparticles and for
sputtered Pd foil [17]. In order to investigate this
question we have exposed up to 170 mbar CO at
190 K, monitoring the adsorbate layer with PM-
IRAS. As mentioned above, PM-IRAS allows to
selectively probe adsorbed CO while gas phase
contributions can be removed. Fig. 4b displays a
PM-IRAS spectrum of 170 mbar CO on well-
annealed Pd(111) at 190 K, typical of a (2x2)
structure with hollow (1885 cm™!) and on-top
(2099 cm™") bonded CO (=0.75 ML). This struc-
ture is in good agreement with our previous high-
pressure SFG studies [10] and an SFG spectrum of
100 mbar CO is shown for comparison. The offset
in frequency can be explained by different contri-
butions of CO domains with slightly lower cover-
age (influencing the size of (2x2) domains), as
described in [18]. No indications of CO dissocia-
tion (such as strong frequency shifts or a reduction
of signal intensity with time due to carbon depo-
sition) were observed even after hours of high-
pressure CO exposure. SFG/XPS studies on
Pd(111) up to 1000 mbar and 400 K did also not
detect carbon deposits [10,19]. Consequently, car-
bonaceous species must originate directly from
CH;0H/CH, O precursors and not from dissocia-
tion of the decomposition product CO.

4. Conclusions
CH;OH desorption/decomposition on well-

annealed and defect-rich Pd(111) was studied by
XPS and PM-IRAS. Under UHV, C-O bond

scission was very limited and independent of sur-
face structure, while after exposing CH;OH at
5% 1077 mbar and 300 K ~0.3 ML carbonaceous
deposits (CH,; x = 0-3) were detected on both
surfaces. The rate of CH, formation, however, was
very similar on well-annealed and defect-rich
Pd(111), indicating no considerable influence of
surface defects generated by ion-bombardment on
C-0 bond scission. It seems that defects generated
by ion-bombardment do not exhibit the high C-O
bond scission activity of steps and edges on Pd
nanoparticles. On well-annealed Pd(111) carbon
deposition proceeded from isolated carbon atoms
to carbon clusters. PM-IRAS allowed us to study
high-pressure CO adsorption and to exclude the
possibility of CO dissociation on both surfaces.
Accordingly, carbonaceous species observed dur-
ing CH3;0H decomposition must originate from
CH;0H/CH,O precursors. To investigate the
influence and nature of defects in more detail, fu-
ture time-dependent XPS and high-pressure
PM-IRAS experiments of methanol decomposition
on oxide supported Pd nanoparticles are crucial.
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