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In order to explore to what extent equilibrium adsorption can be studied with surface science methods
such as reflection absorption infrared spectroscopy (RAIRS), static secondary ion mass spectroscopy
(SSIMS) and X-ray photoelectron spectroscopy (XPS), adsorption of CO on a Rh(1 00) single crystal
surface has been studied. A structural model of CO on Rh(1 0 0) at different coverages is presented. Under
equilibrium adsorption conditions, we were able to determine the CO coverage and adsorption
isotherms. From the isotherms, an isosteric heat of adsorption of about 160 kj/mol was obtained,
compared to an activation energy of desorption of 132 kJ/mol from temperature programmed desorption

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In catalysis, one of the most important parameters predicting
surface reactivity is the interaction energy between a molecule and
the surface [1-3]. For validation of the accuracy of theoretical
model, good quantitative data on adsorption energies is of
significance. Several techniques are used in surface science studies
to determine the adsorption energy. The most direct method is
single crystal adsorption calorimetry (SCAC) [4,5], where the heat
released during adsorption of a gas on an ultra-thin metal single
crystal foil results in an increase of the foil temperature. A serious
drawback is that the foils contain a high density of surface defects,
which in turn affects the heat of adsorption. More widely
employed is temperature programmed desorption (TPD). During
TPD experiments, a metal single crystal with adsorbates is heated
in a controlled fashion, often linearly with time, during which the
desorption rate of the adsorbates is monitored with a mass
spectrometer. Several methods have been derived from the
Arrhenius equation to obtain an estimate of the kinetic parameters
from the desorption traces, see [6,7] for a comparison between
methods. A third technique is Clausius-Clapeyron analysis of
equilibrium adsorption isosteres. In order to obtain the adsorption
energy from equilibrium isosteres, the adsorbate coverage is
measured in a gas atmosphere at different temperatures and
pressures. In this case, it is not straightforward to determine the
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coverage, because the gas environment can affect the measure-
ments.

In this paper, equilibrium isosteres are obtained with the
surface science methods X-ray photoelectron spectroscopy (XPS),
which is quantitative, and the semi-quantitative techniques:
reflection absorption infra red spectroscopy (RAIRS) and static
secondary ion mass spectroscopy (SSIMS). A comparison is made
among the different techniques to determine how accurate
coverages and adsorption energies are obtained with each
technique. CO is used as a probe molecule to study the adsorption
and desorption behaviour on a rhodium(100) single crystal
surface. Although the adsorption of CO has been studied
extensively [8-18], this is the first surface science study using
as many as five different characterization techniques. First, CO is
irreversible adsorbed at low temperatures and studied with low
energy electron diffraction (LEED) and RAIRS. A structural model of
CO on Rh(100) at different coverages is discussed, which is in
excellent agreement with literature. The coverages belonging to
the structural model are used to convert the areas under TPD traces
into coverages, which in turn are correlated to the intensities
observed in RAIRS, SSIMS and XPS experiments. Lastly, the
adsorption/desorption equilibrium of CO is probed using XPS
and the semi-quantitative techniques RAIRS and SSIMS to
determine the adsorption energy by using the Clausius—Clapeyron
equation. The resulting isosteric heat of adsorption is compared to
the activation energy of desorption from TPD experiments.

We will now give a short review of previous results. LEED
studies have shown that on Rh(1 0 0), CO orders into three distinct
ordered structures at different coverages. Several studies [8-17]
reported that CO orders in a ¢(2 x 2) structure at 6co = 0.50 ML. At


mailto:M.M.M.Jansen@tue.nl
http://www.sciencedirect.com/science/journal/09205861
http://dx.doi.org/10.1016/j.cattod.2009.11.014

54 M.M.M. Jansen et al./Catalysis Today 154 (2010) 53-60

higher CO coverages, the ¢(2 x 2) converts into more compressed
structures, leading toa p(4./2 x /2)R45° structure at fco = 0.75 ML
[8,10,11,13,15-17,19] and a ¢(6 x 2) structure [8,9,11,17] at the
saturation coverage of 0.83 ML.

A combination of XPS [8,14,16] and two vibrational spectros-
copy techniques electron energy loss spectroscopy (EELS) [10,15]
and RAIRS [11,13,17] reveal how CO is bonded to the rhodium
surface. Between Oco =0 and 0.50 ML, where CO orders into a
c(2 x 2) structure, CO adsorbs mainly on top [8,10,11,15,16] with
traces of bridge CO. Some studies report increased amounts of
bridge bonded CO [13], which decreases when the temperature is
raised [16]. This indicates the presence of (sub)surface contam-
inations [11]. From 6co=0.5 to 0.75 ML, the amount of bridge
bonded CO increases caused by compression of the c(2 x 2)
structure into the p(4,/2 x \/2)R45° structure in which bridge
bonded CO becomes more favourable. At 6co=0.75 ML, CO is
present as a mixture of top and bridge bonded CO in a ratio of
around 1:2, respectively [8,16]. At Oco=0.83 ML where CO is
ordered in a ¢(6 x 2) pattern, RAIRS [11] shows only top bonded
CO, whereas XPS [8,16] shows a mixture of CO on top and bridge
sites.

Kinetic parameters for CO on Rh(1 0 0) have been determined
with TPD [8,11,12,17,20], SCAC [21], reverse flash [22], single beam
and modulated beam [23] experiments. TPD experiments show
one desorption state at low coverage at around 500 K. At coverages
above 0.50 ML, a low temperature shoulder grows in. From TPD
spectra, activation energies of desorption ranging from 131 to
140 kJ/mol and preexponential factors from 10'%° to 10'*! were
determined. With SCAC and the reverse flash method, a heat of
adsorption of 118 and 121 kJ/mol, respectively was derived.
Molecular beam studies resulted in values of 135 and 149 kJ/mol
for single and modulated beams, respectively.

2. Experimental methods

Temperature programmed desorption, reflection absorption
infra red spectroscopy [24-26], X-ray photoelectron spectroscopy
[27,28] and low energy electron diffraction [29] experiments were
carried out in a home built, two-stage stainless steel ultrahigh
vacuum system with a base pressure of 1.5 x 107 '° mbar. The
static secondary ion mass spectroscopy [30-32] experiments were
carried out in a separate UHV system with a base pressure of
1 x 107 "9 mbar (see Nieskens et al. [33] for further details).

In both set-ups TPD experiments were performed to determine
the CO coverage (see de Jong and Niemantsverdriet [11] and refs
therein). All TPD experiments were carried out with quadrupole
mass spectrometers (Prisma QME200, Balzers) with a mass range
(m/e) of 0-200 amu.

RAIRS spectra were taken with a Fourier-transform infrared
spectrometer (Galaxy 4020, Mattson) flushed with dry nitrogen,
such that the infrared beam undergoes a single reflection from the
crystal surface near grazing angle (85°). A wire grid polarizer is
placed in the beam allowing only the p-polarized component of the
light to be detected. RAIRS observes only vibrations of atoms and
molecules with a vertical component by absorption of p-polarized
light. A mercury cadmium telluride (MCT) detector was used with
a spectral range of 4000-800 cm ™. All spectra consist of 512 scans
taken at 4 cm ™! spectral resolution divided by a stored background
spectrum of a clean surface at 300 K.

XPS experiments were performed with a VG100AX spec-
trometer (VG Microtech) consisting of a twin anode (Al/Mg) X-
ray source at an incident polar angle of 60° with respect to the
surface normal and the 100 mm hemispherical analyzer
perpendicular to the surface. In three regions 540-510eV O
1s, 325-300eV Rh 3d and 300-275eV C 1s spectra were
obtained with a pass energy of 50 eV for Rh 3d and 100 eV O 1s

and C 1s. The O 1s, Rh 3d, and C 1s spectra were recorded in 15,
2, and 12.5 min, respectively.

SIMS measurements were performed using a Balzers QMA400
mass spectrometer and a differentially pumped ion gun (SPECS PU-
IQE 12/38). Static SIMS spectra were obtained by using a defocused
5 keV argon primary ion beam with a current density of 1 nA/cm—2
at an incident polar angle of 65°. Secondary ions were collected
under a polar angle of 25°. These conditions enable measurements
in static mode, with a removal rate of one monolayer per hour. A
typical experiment lasts less than 5 min.

LEED experiments have been carried out using a reverse-view
two grid mini-LEED system (BDL450IR, OCI Vacuum Microengi-
neering) with external retraction. The electron beam had a beam
current of 0.50 WA and beam energy between 85 and 95 eV. LEED
patterns are acquired and digitized using a CCD camera (Cohu),
connected to a computer for analysis and storage of images.

Two similar rhodium single crystals of (1 0 0) orientation with a
thickness of 1.2 mm were mounted in each system on a movable
sample rod by two tantalum wires of 0.3 mm diameter, pressed
into small grooves on the side of the crystal. This set-up allowed for
resistive heating up to 1400 K. The sample was continuously
cooled with liquid nitrogen enabling temperatures as low as 88 K.
Temperatures were measured using a chromel-alumel thermo-
couple spot-welded to the back of the crystal.

The crystal surface was cleaned by cycles of argon ion
sputtering and annealing in an oxygen atmosphere. Argon ion
sputtering (6 wA/cm?) at 920 K was used to remove impurities,
such as boron, sulphur, phosphorus, and chlorine. Near-surface
carbon was removed in 2 x 10~8 mbar O, at temperatures ranging
from 900 to 1100 K. Oxygen was removed by flashing to 1400 K.
After flashing, a small amount of O, was adsorbed and flashed to
800 K to remove carbon diffusing to the surface at temperatures
above 900 K. Finally CO was dosed at 550 K and flashed to 800 K to
remove excess oxygen. Carbon monoxide (Hoek Loos, 99.997%
pure) was used without further purification.

3. Results and discussion

First, the behaviour of CO on Rh(1 0 0) at low temperatures is
discussed. Results from LEED and RAIRS experiments are
presented. Second, the coverages obtained from TPD experiments
are related to intensities observed in RAIRS, SSIMS, and XPS
experiments. Lastly, RAIRS, SSIMS, and XPS results on the
adsorption/desorption equilibrium of CO on Rh(100) are pre-
sented.

3.1. CO on Rh(100) at low temperatures

Fig. 1 shows an overview of the LEED patterns that arise at
various CO coverages. CO was adsorbed at 150 K by exposing the
crystal surface to 1 x 1078 mbar CO. Models for the CO overlayer
structures are adopted from de Jong and Niemantsverdriet [11] and
from Eichler and Hafner [34]. A p(1 x 1) LEED pattern of the bare
Rh(1 00) surface is shown on the left. The first LEED pattern
originating from ordered CO is observed between 0.30 and 0.50 ML
CO: a clear ¢(2 x 2) pattern is formed [8-16]. A p(4,/2 x \/2)R45°
structure is shown in the third panel. This structure occurs when
the (2 x 2) overlayer is compressed and it is most explicit at a
coverage of 0.75ML at 300K. An increased CO pressure of
1 x 107" mbar at 150K was used to further compress the CO
layer forming a ¢(6 x 2) structure at 8o = 0.83 ML as shown on the
right. For calibrating SSIMS, RAIRS and XPS a saturation coverage of
0.75 ML is used as a reference: a CO pressure of 1 x 10~ mbar is
used at which the p(4,/2 x /2)R45° structure is observed.

Fig. 2 shows the RAIRS spectra of CO on Rh(1 0 0) at different
coverages. Each spectrum was obtained after exposing the
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Fig. 1. Low energy electron diffraction patterns of several coverages of CO adsorbed
on Rh(1 00) at 150 K. The beam energy used is between 85 and 93 eV.

crystal to CO at 150K and subsequently heating to 300K to
dispose of co-adsorbed hydrogen. Hereafter, a TPD experiment
was performed to obtain the coverage. The RAIRS spectra show
two absorption bands in the regions 1870-1944 cm~' and
1997-2055 cm™!, in good agreement with reported EELS [10,15]
and previous RAIRS [11,17] studies. These bands were assigned
to top and bridge bonded CO, respectively. At coverages up to
0.5 ML, absorption by CO on top sites increases and the
absorption band shifts to higher frequencies. Absorption by
bridge bonded CO is very weak. CO orders into a ¢(2 x 2)
structure mainly occupying top sites as shown in Fig. 1.
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Fig. 2. Reflection absorption infra red spectra obtained after exposing the
Rh(1 0 0) surface to various doses of CO at 150 K with subsequently heating to
300 K.

The frequency shift can be attributed to lateral interactions
between the CO molecules, resulting in both vibrational coupling
and static effects [24,25]. Vibrational coupling within an
adsorbate layer takes place through direct dipole-dipole coupling
(i.e. through space) and via coupling of metal electrons. Increasing
the coverage increases resonance between the vibrating dipoles,
which in turn increases the frequency and amplifies the
absorption intensity. Static effects or chemical shifts can be
understood with the back-bonding model of Blyholder [35]: while
electrons are donated into the anti-bonding orbitals of the CO
molecule the CO stretching frequency decreases. A high coverage
may cause the CO molecules to compete for the metal electrons,
resulting in lower back-donation, and hence, the CO stretching
frequency shifts toward higher frequencies. Persson and Ryberg
[36] reported that the increase in stretching frequency of CO on
transition metals is predominantly caused by dipole-dipole
coupling.

Above Oco = 0.5 ML, the intensity of the linear band decreases
while concurrently an increase in intensity of the bridge band is
observed. This can be attributed to the transition from a ¢(2 x 2)
into a more condensed p(4,/2 x \/2)R45° overlayer structure[10].
The amount of linear bonded CO decreases from 0.5 ML in the case
of a completely ordered c(2 x 2) structure to 0.25ML in a
completely ordered p(4,/2 x /2)R45° layer, while the amount of
bridge bonded CO increases from ~0 ML to 0.5 ML.

Fig. 3 shows the relation between the CO coverage and the CO
stretching frequency. Up to Oco = 0.5 ML, the frequency of both CO
on top and bridge sites increases with increasing coverage, mainly
caused by an increase in dipole-dipole interactions between CO
molecules. Above 6o = 0.5 ML, the stretching frequency of bridge
bonded CO increases while concurrently the frequency of top CO
decreases. During formation of the p(4,/2 x \/2)R45° overlayer
structure, the amount of top CO decreases and becomes diluted in
an adlayer with mainly bridge bonded CO. This results in a
decrease in dipole-dipole coupling between the CO molecules on
top sites.

The decrease in frequency of CO on top sites from 2050 cm™ " at
0.50 ML to 2030 cm™! at 0.75 ML is not found in earlier RAIRS
studies [11,13]. At 60 =0.75 ML, de Jong and Niemantsverdriet
report two bands at 2070 and 2030cm™' on top sites. An
adsorption temperature of 300 K was used in this study, while
we adsorbed CO at 150 K. The difference in adsorption temperature
has an influence on the coverage and on the degree of ordering.
Two CO structures may be present in the study reported by de Jong
and Niemantsverdriet with patches of the p(4,/2 x \/2)R45° and

1

o(2 x 2) structure causing adsorption bands at 2030 cm™! and
2070 cm™!, respectively.
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Fig. 3. The CO stretching frequency as a function of the CO coverage on Rh(1 0 0) at
300 K.
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Fig. 4. Temperature programmed desorption spectra of CO adsorbed on Rh(1 0 0) at 150 K at several coverages. The heating rates are 1 K/s (left) and 5 K/s (right). Uptake

curves are shown as insets.

3.2. Linking RAIRS, SSIMS and XPS intensities to the CO coverage

First, TPD results of CO on Rh(1 0 0) are presented to obtain a
direct relation between the CO exposure and CO coverage. The CO
coverage is proportional to the area under the desorption traces
and the CO saturation coverage of 0.75 ML was used as a reference
to scale all CO coverages. Secondly, we will establish a link between
the CO coverage and the intensities obtained by RAIRS, SSIMS and
XPS experiments. The relevant RAIRS intensity that shows a strong
correlation with the CO coverage is the integrated absorption
intensity of CO molecules on top sites; the relevant intensity for
SSIMS is the intensity ratio between (RhCO)" and (Rh)* ions; and
the relevant XPS intensity is the photoelectron intensity ratio
between the oxygen 1s and rhodium 3ds, peak.

Fig. 4 shows the CO desorption spectra on Rh(1 0 0) at different
CO coverages from the RAIRS set-up (left) and the SSIMS set-up
(right). The crystal was exposed to 1 x 1078 mbar CO at 150 K. Up
to 0.5 ML, a single CO desorption state is observed around 500 K
which shifts to a lower temperature at increasing coverage. CO is
present as a stable top species with ¢(2 x 2) ordering between 0.3
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and 0.5 ML, see Fig. 2. Above 0.5 ML, a low temperature shoulder is
being formed, indicating destabilization of CO in the compressed
p(4./2 x \/2)R45° overlayer structure.

By applying the Chan-Aris-Weinberg (CAW1/2) method for
first order desorption kinetics [37], an activation energy and
preexponential factor for CO desorption of 132 kJ/mol and
10'>7 57! in the zero-coverage limit is obtained. These values
agree well with other TPD studies: Kim et al. [12] acquired an
activation energy of 133 kJ/mol and a preexponential factor of
10'2>° 57! and de Jong and Niemantsverdriet [11] found values of
E.gs =131 kJ/mol and v=10"39s~1, respectively.

The insets of Fig. 4 show the CO uptake curves: the relation
between the exposure of the crystal surface to CO and the resulting
CO coverage. This relation is used to relate the RAIRS, SSIMS, and
XPS intensities to the coverage.

Fig. 5(left) shows the infrared absorption intensity of Fig. 2 as a
function of the CO coverage. The integrated absorption intensities
of CO on top and bridge sites are plotted. Initially, absorption by CO
on top sites increases strongly. An increase in the CO coverage and
formation of the c¢(2 x 2) structure results in more interacting

SSIMS
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Fig. 5. (Left) Integrated absorption intensities of the CO bands as a function of CO coverage obtained with RAIRS. (Right) Static secondary ion mass spectrometry intensity

ratios as a function of CO coverage. CO was adsorbed at 150 K.
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Fig. 6. X-ray photoemission spectra of 0 and 0.75 ML CO on the Rh(1 0 0) surface. CO
was adsorbed at 150 K and the surface was subsequently heated to 300 K.

neighbouring CO molecules at v/2 times the Rh-Rh distance, which
in turn increases dipole-dipole coupling. Between Oco = 0.3 and
0.5 ML, the absorption intensity stays constant and a sharpening of
the band is observed in Fig. 2. Above 6o = 0.5 ML, the absorption
by CO on top sites decreases, whereas an increase in absorption by
bridge bonded CO is observed. This is due to the partial migration
of CO on top sites in the ¢(2 x 2) overlayer structure onto bridge
positions in the p(4,/2 x /2)R45° structure.

In the region between 0 and 0.3 ML, absorption by CO on top
sites increases mainly linearly. Hence, the absorption intensity
obtained with RAIRS of top CO is a good measure of the CO
coverage. This relation is used in Fig. 7a.

Fig. 5(right) shows the correlation between the SSIMS intensity
and coverage. Each experiment was done by first exposing the
crystal to CO, second monitoring the ion intensities of (Rh)" (m/
e=103) and (RhCO)* (m/e=131) for 20s, after which a TPD
experiment followed. To exclude influences from changes in the
sample position, (RhCO)*/(Rh)" ion intensity ratios are used.
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Between 0 and 0.4 ML, a linear increase in the ion intensity ratio
is observed, while above 0.45 ML it stays constant. The (Rh)" region
is very sensitive to the concentration of top bonded species as the
(Rhy)* region is more sensitive for higher coordinated adsorbed
species [38-40] like bridge and hollow CO. The change in ordering
from the ¢(2 x 2) into p(4,/2 x /2)R45° overlayer structure is
accompanied by a decrease in CO on top sites towards bridge CO.
This could cause the intensity ratio to be constant in our case above
OCO =0.45 ML.

The ion intensity ratio is generally a semi-quantitative indicator
of the coverage [31,41-44]. The mass intensity ratio increases
linearly with CO coverage up to 0.45 ML. Hence, between 6co = 0
and 0.45 ML, the (RhCO)"/(Rh)" ion intensity ratio is a good
measure of the CO coverage.

XPS is known for determination of surface compositions
quantitatively. A well documented linear relationship exists
between the XPS intensity and the concentration of an element
[27,28,45]. In our case we use the surface oxygen concentration to
determine the CO coverage. To avoid influences of changes in
sample position, the integrated intensity ratio of the oxygen 1s
state to the rhodium 3ds; state is used. The intensities of two well
defined coverages are used in this paper: 6co =0 and 0.75 ML to
construct a linear plot of the CO coverage and the intensity. Fig. 6
shows the XPS spectra of a clean Rh(1 0 0) surface (6o = 0 ML) and
a surface covered with 0.75 ML CO. The spectra were obtained at
300K after exposing the crystal to CO at 150 K. Even on clean
Rh(1 0 0), a small feature in the oxygen 1s region is present due to
shake-up satellite peaks. To determine the integrated intensity of
the rhodium 3ds, state and the oxygen 1s state, a Shirley or linear
background was used after which each state was fitted by one peak
with 70% Gaussian and 30% Lorentzian characteristics.

3.3. Equilibrium CO adsorption/desorption on Rh(100)
The equilibrium between adsorption and desorption of CO was

studied with RAIRS, SSIMS, and XPS. Fig. 7 shows sets of isotherms,
where the CO coverage on Rh(1 0 0) is described as a function of the
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Fig. 7. Adsorption isotherms of CO on Rh(1 0 0) at different temperatures measured with: (a) RAIRS; (b) SSIMS; and (c) XPS. The CO coverage was determined after 25 min of

exposure of CO at a constant pressure and temperature.
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CO pressure at a constant temperature. After 25 min of exposure to
CO, equilibrium between gas phase and adsorbed CO was reached
after which the coverage was determined. In general, the isotherm
initially increases linearly with pressure and levels off near
saturation. At higher temperatures, lower coverages are observed
due to the shift in equilibrium towards higher desorption rates. In
all three cases, the adsorption isotherms deviate from Langmuir
type of adsorption behaviour, because Langmuir adsorption
isotherms assume equivalent adsorption sites and no lateral
interactions. For CO on Rh(1 00), this is only valid at very low
coverages where CO is randomly distributed. Deviations from
Langmuir behaviour occur mainly due to lateral interactions and
difference in stability of adsorption sites. For example, the
interaction energy between two neighbouring CO molecules on
top sites was determined with Monte-Carlo simulations to be 9 kJ/
mol by Kose et al. [21] and 24 kJ/mol by Jansen [46]. In addition, CO
occupying a bridge site is 4.6 kJ/mol less stable than CO on the top
site [10].

The CO adsorption isotherms obtained with XPS and SSIMS
display similar behaviour, although coverages determined with
SSIMS are slightly higher. The small differences in CO coverage are
probably caused by the insensitivity of the XPS apparatus resulting
in lower accuracy in determining the CO coverage, especially at
lower coverages. The use of two UHV apparatus with different
types of pressure meters also contributes to differences in
measured pressure and the actual pressure near the crystal surface.

The CO adsorption isotherms were also determined with RAIRS.
In all experiments, an intense absorption band by CO on top sites
was observed while the band for bridge bonded CO was very weak,
indicating that only using absorption of top CO is a valid
assumption to obtain the CO coverage. The isotherms at 440
and 450K show initially a very steep linear increase in the
coverage with the pressure, but there is an abrupt levelling of the
CO coverage at higher pressures. The initial linear parts of the
isotherms are comparable with SSIMS and XPS results, while the
part of the isotherms at higher pressures deviate and lower
coverages are obtained. The linear relation between the coverage
and the integrated RAIRS intensity as shown in Fig. 5 is perhaps not
completely applicable at all temperatures, but a correlation as in
Fig. 8 is more accurate. The saturation of the integrated intensity at
higher temperatures is probably caused by the increase in CO
diffusion rates at higher temperatures. Higher diffusion rates lead
to more collisions between molecules on the surface, resulting in
more repulsive lateral interactions between CO molecules at a
similar coverage. This leads to a weaker Rh-C bond, reducing
backdonation into the anti-bonding orbitals of the CO molecule,
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Fig. 8. Integrated absorption intensities of the linear CO band as a function of
coverage for CO adsorbed on Rh(1 0 0) at different temperatures.
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which depolarizes the CO molecule. This effect has also been
reported by Hoffmann [25].

Fig. 7 shows the adsorption isotherms as a function of
temperature. From these equilibrium experiments the isosteric
heat of adsorption can be obtained. The adsorption energy is
closely approximated by the enthalpy of adsorption and can be
obtained with the Clausius-Clapeyron equation:

~ 7AHads (1)

(81n(pco/p°))
Oco=constant R

a(1/T)

To apply the Clausius-Clapeyron equation, a plot of In(pco/p°)
versus 1/T is made at a constant CO coverage. A linear relation is
observed with the slope as the enthalpy of adsorption divided by
the gas constant R. Fig. 9 shows the resulting adsorption isosteres.

With SSIMS, an adsorption isostere was obtained at 0.15 ML,
while 0.10 ML was used with RAIRS and XPS. SSIMS and RAIRS give
similar plots: they are equal in slope corresponding to an
adsorption energy of about 152-155 kJ/mol, but the isostere from
SSIMS is lying slightly lower. The isostere obtained with XPS has a
slightly larger slope, resulting in a higher adsorption energy of
175 KJ/mol, as reflected in Table 1. This can be caused by the
insensitivity of our XPS detector or by the decrease in sensitivity of
the electron multiplier at higher CO pressures.

Table 1

The adsorption energies of CO on Rh(100) determined by using the Clausius—
Clapeyron equation. Adsorption isosteres were determined with RAIRS, SSIMS and
XPS. Results from other techniques are included as a reference.

Technique AE.q4s (k]/mol)
RAIRS 15249
SSIMS 155+5
XPS 175+10
TPD [8,11,12,20] 131-140
Single beam [23] 13548
Modulated beam [23] 149410
SCAC [21] 118
Reverse flash [22] 121
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Table 1 shows the adsorption enthalpies obtained under
equilibrium conditions and from various other techniques. By
using equilibrium conditions, relatively high adsorption energies
are obtained. So far, DFT simulations fail to predict the adsorption
energy of CO on various transition metals correctly — including
rhodium - due to overestimating the interaction of the LUMO with
the metal substrate [47]. Recently, more sophisticated approaches
have been developed which correct for overbinding more
efficiently. With this approach, the adsorption energy of CO on
Rh(1 0 0) on the for DFT most stable bridge site was reported to be
175 kJ/mol by Hammer et al. [48] and 178 kJ/mol by Van Bavel
et al. [20].

4. Conclusions

We have explored to what extent equilibrium adsorption
isosteres can be measured using common surface science methods
such as RAIRS, SSIMS and XPS. We have investigated adsorption
and desorption behaviour of CO on the surface of a Rh(1 0 0) single
crystal. Below 300 K, CO adsorbs mainly linear up to 6co = 0.50 ML
ordering into a ¢(2 x 2) structure. Between 6o = 0.50 and 0.75 ML,
the amount of CO on top sites decreases, whereas the amount of
bridge bonded CO increases forming a p(4,/2 x \/2)R45° structure
at Oco=0.75 ML. CO desorbs between 350 and 550 K, with one
main desorption peak around 500 K for the ¢(2 x 2) structure and a
low temperature shoulder around 450 K for the p(4,/2 x /2)R45°
structure. An adsorption energy of 132 kJ/mol was determined
with TPD experiments.

With RAIRS, SSIMS, and XPS the adsorption/desorption
equilibrium of CO was studied obtaining adsorption isotherms
between 440 and 530 K. Similar coverages were obtained with
SSIMS and XPS, whereas unexpected deviations are found for the
isotherms resulting from RAIRS. Absorption of infrared light by
linear bonded CO used to determine the CO coverage with RAIRS
correlate differently with coverage at 300K compared to
temperatures of 440-530 K. This makes RAIRS only employable
to determine the CO coverage accurately in a limited coverage
range. The adsorption energy obtained from equilibrium isosteres
was about 160 kJ/mol and is relatively high compared to 132 kJ/
mol obtained with TPD.

In general, we show that equilibrium adsorption isotherms can
be measured in the low coverage domain when lateral interactions
are absent, and when spectroscopic observables vary linearly with
coverage.
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