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This paper presents experimental data on the bonding of CO and NO to vacuum-cleaved
MgO(100) and NiO(100) and compares them with theoretical results. In the case of CO and NO
on NiO(100) we find that the bonding energies obtained for the vacuum-cleaved single crystals
agree well with results of recent studies on thin NiO(100) films grown by oxidation of Ni(100)
whereas they are at variance with theoretical results. On the other hand, for CO on MgO(100) the
experimental data fit well to recent theoretical studies while they contradict studies of adsorption
on MgO(100) films grown on Mo(100). The experimentally determined values for the adsorption
energies are 0.30 and 0.57 eV for adsorption of CO and NO on NiO(100), respectively, and 0.14
and 0.22 eV for adsorption on MgO(100). We suggest that the stronger bonding to NiO(100) as
compared to MgO(100) is due to the influence of the 3d electrons of NiO.

1. Introduction

In recent years many groups [1 to 8] have studied the properties of well-ordered oxide
surfaces. Even though some qualitative understanding has been gained we are still far
from a quantitative description even for the so-called simple systems. An example is the
interaction of NO and CO with MgO(100) and NiO(100). Despite considerable effort it
was not yet possible to establish agreement between theory and experiment (see Table 1).

Molecules bind to oxides via a bonding mechanism considerably different from metal
surfaces. A CO molecule, for example, binds to metals via chemical bonds of varying
strength involving charge exchanges [23]. Fig. 1 illustrates the bonding of CO to a Ni-
metal atom via the so-called s-donation/p-backdonation mechanism on the basis of a
one-electron orbital diagram.

The s- and p-interactions lead to a relative shift of those s- and p-orbitals involved
in the bond with respect to those orbitals not involved. The diagram reflects this via the
correlation lines. This may be contrasted by the electrostatically dominated interaction
between a CO molecule and a Ni ion in nickel oxide [11, 24]. There is a noticeable s-
repulsion between the CO carbon lone pair and the oxide leading to a similar shift of
the CO 5s-orbitals as in the case of the metal atom. However, there is no or little p-
backdonation so that the CO p-orbitals are not modified [6, 7]. Conceptually, the situa-
tion is transparent and one would expect that a detailed calculation reveals the differ-
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ences quantitatively. However, as it turns out the description by ab-initio calculations
is very much involved and today a full account cannot be given [17]. Theoretically,
the prediction is that CO as well as NO bind very weakly to NiO [17]. The pre-
dicted binding energy of CO is of the order of 0.1 eV and is expected to be similar
to CO binding to MgO(100), i.e. the influence of the Ni d-electrons should be negli-
gible [17].

There seems to be a general trend that sophisticated theoretical calculations employ-
ing large basis sets yield bonding energies that are systematically smaller than the ex-
perimental determined ones. Therefore, it was argued that the experimental results
might be due to adsorption on defects [17].
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Ta b l e 1
Table of literature data for adsorption of CO and NO on NiO(100) and Mg(100). BSSE:
Basis Set Superposition Error, TDS: Thermal Desorption Spectroscopy, DFT: Density
Functional Theory, IRS: InfraRed Spectroscopy, Clausius-Clapeyron: evaluation of pres-
sure and temperature dependent IR intensities with the Clausius-Clapeyron equation,
Redhead: evaluation of TDS data with the Redhead equation [22]

author system method adsorption
energy [eV]

Pacchioni and Bagus [9] CO/NiO(100) ab-initio cluster
calculation

0.24

KluÈ ner and Freund [10] NO/NiO(100) ab-initio cluster
calculation, BSSE
correction

�0

PoÈ hlchen and Staemmler [11] CO/NiO(100) ab-initio cluster
calculation, BSSE
correction

0.03 to 0.1

Cappus et al. [12] CO/NiO(100)/Ni(100) TDS, Redhead 0.32

Vesecky et al. [13] CO/NiO(100)/Ni(100) IRS, Clausius-Clapeyron 0.45

Staemmler [14] NO/NiO(100) ab-initio cluster
calculation, BSSE
correction

0.1

PoÈ hlchen [15] NO/NiO(100) ab-initio cluster
calculation, BSSE
correction

<0.23

Kuhlenbeck et al. [16] NO/NiO(100)/Ni(100)
and NO/NiO(100)

TDS, Redhead 0.52

Nygren and Pettersson [17] CO/MgO(100) ab-initio cluster
calculation, BSSE
correction

0.08

Chen et al. [18] CO/MgO(100) DFT 0.28

Neyman et al. [19] CO/MgO(100) DFT, BSSE correction 0.11

He et al. [20] CO/MgO(100)/Mo(100) IRS, Clausius-Clapeyron
TDS, Redhead

0.43
0.46

Furuyama et al. [21] CO/MgO powder IRS, Clausius-Clapeyron 0.15 to 0.17



In order to clarify the situation we have set up a TDS experiment which allows to
scan the temperature linearly in the range between 25 and 400 K, using oxide single
crystals cleaved in vacuum as samples. Substrates prepared by cleavage exhibit the
smallest experimentally accessible defect density so that adsorption studies are not no-
tably influenced by interaction of adsorbates with defects. Thus, adsorption experiments
using such substrates provide data that are due to adsorption on regular sites. There-
fore, they may be compared with theory.

2. Experimental

The substrates were single crystal oxide cylinders mounted on a helium cooled cold
finger. Details of the set-up are depicted in Fig. 2. A tantalum filament wrapped around
the lower part of the sample served for heating purposes and the temperature was
determined with a NiCr±Ni thermocouple. Crystal cleavage was performed in situ with
two blades guided by slits in the sample.

With our set-up the highest accessible heating rate was 2 K/s. Linearity of the tem-
perature ramp was established via a PID regulator which allowed to keep the heating
rate constant within 3%. Only at the beginning of the scan the deviation from the
nominal heating rate could reach values of about 10%. In order to achieve a stable
temperature signal, the thermocouple reference junction was kept at a constant tem-
perature of (323� 0.02) K.
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Fig. 1. Orbital diagram for the bonding of CO to Ni-metal (left) and to Ni-oxide (right)
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The quality of the temperature signal
was judged by monitoring the tempera-
ture of the multilayer desorption signal.
For all TDS scans this was found to shift
by not more than �2 K, centering
around 30 K for CO. Deviations oc-
curred mainly after mounting of a new
sample so that they may be attributed to
changed characteristics of the thermo-
couple. Within a set of data taken for a
certain sample the multilayer desorption
temperatures did not shift by more than
�0.3 K. In order to be able to compare

data from different sets of spectra these were shifted such that the CO multilayer
desorption peaks were always at 30 K.

The mass spectrometer used for detection of the desorption signal was equipped with
a so called Feulner cup [25] which was individually pumped. The inner walls were gold
plated in order to minimize adsorption.

3. Results and Discussion

In Figs. 3 and 4 TDS data for CO and NO on vacuum-cleaved NiO(100) are compared
with data for thin NiO(100) films grown by oxidation of Ni(100) [12, 16]. At tempera-
tures of 30 and 56 K multilayer desorption for CO and NO, respectively, shows up. The
pronounced features at higher temperatures correspond to desorption of the respective
adsorbate at (sub)monolayer coverage. In the case of the CO adsorbate at 34 K de-
sorption of the second layer is found and the states at 45 and 145 K for CO and NO,
respectively, are due to adsorption on defects as concluded from data obtained from
ion bombarded surfaces (not shown here). It is obvious that for both adsorbates the
thin film data and the data of the cleaved samples agree well, demonstrating that in the
case of NO and CO on NiO(100) the thin film data are comparable to those from the
more perfect surfaces of the cleaved samples. The higher defect density of the thin film
surfaces leads to small, but clearly visible additional peaks in the TDS data which show up
as shoulders near to the main peak in the NO spectra. Nevertheless, the general shapes of
the thin film spectra of both adsorbates are very similar to those of the cleaved samples.

For CO the shift of the peak maximum with increasing coverage indicates that at
higher coverage repulsive lateral interactions come into play which may lead to occupa-
tion of energetically less favorable sites. This is not the case for the NO adsorbate
which may be attributed to smaller lateral interactions and to the higher adsorption
energy which makes adsorption more site specific and thus may inhibit compression of
the layer involving site changes.
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Fig. 2. Sample set-up used for the TDS ex-
periments



TDS data for CO and NO on vacuum-cleaved MgO(100) are exhibited in Figs. 5 and
6. Multilayer desorption is found at 29 and 56 K for CO and NO, respectively. The
small features around 45 and 100 K are likely due to defect adsorption since they satu-
rate at rather low coverage. Desorption from layers with small coverage is found at 57
and 84 K for CO and NO, respectively.

The data for CO and NO on NiO(100) have been evaluated using the leading edge
method and complete analysis. Details of the procedures may be found in [26 to 28].
Both methods determine the heat of adsorption as a function of the coverage of mole-
cules already on the surface. The results of the evaluation are shown in Figs. 7 and 8.
Both graphs exhibit a trend which is generally to be expected for laterally interacting
adsorbate layers: the adsorption energy decreases with increasing coverage. At cov-
erages near to unity the energies converge towards the multilayer values (0.09 and
0.18 eV for CO and NO, respectively [29]). At low coverage the lateral interactions are
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Fig. 3 Fig. 4

Fig. 3. Thermal desorption spectra of CO on NiO(100) cleaved in vacuum (upper part) and CO on
a thin NiO(100) film grown by oxidation of Ni(100) (lower part). The mass spectrometer was set
to mass 28 (CO). CO doses are given relative to the dose needed to prepare a monolayer
Fig. 4. Thermal desorption spectra of NO on NiO(100) cleaved in vacuum (upper part) and NO
on a thin NiO(100) film grown by oxidation of Ni(100) (lower part). The mass spectrometer was
set to mass 30 (NO). NO doses are given relative to the dose needed to prepare a monolayer
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most likely small so that the corresponding adsorption energies may be compared with
theoretical results since in the calculations lateral interactions have not been consid-
ered. As indicated in Figs. 7 and 8, the low coverage adsorption energies are 0.30 and
0.57 eV for CO and NO, respectively.

For NO and CO on MgO(100) the adsorption energies have been calculated via the
Redhead equation [22] assuming a frequency factor of 1013 sÿ1. This gave values of 0.14
and 0.22 eV for CO and NO, respectively, in the low coverage regime. The result for
CO corresponds well to LEED (Low Energy Electron Diffraction) results obtained by
Audibert et al. [30] who observed ordered CO superstructures only at temperatures
below 55 K. It also fits well to earlier data of CO on MgO powder where a binding
energy of 0.15 to 0.17 eV was deduced [21], see Table 1. He et al. [20] obtained a bind-
ing energy of 0.43 eV for CO on a thin MgO(100) film on Mo(100). This result is at
variance with our data indicating that in this case adsorption was strongly influenced by
surface defects.
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Fig. 5 Fig. 6

Fig. 5. Thermal desorption spectra of CO on MgO(100) cleaved in UHV. The mass spectrometer
was set to mass 28 (CO). CO doses are given relative to the dose needed for the preparation of a
monolayer
Fig. 6. Thermal desorption spectra of NO on MgO(100) cleaved in UHV. The mass spectrometer
was set to mass 30 (NO). NO doses are given relative to the dose needed for the preparation of a
monolayer

Ta b l e 2
Compilation of low-coverage bonding energies for NO and CO on NiO(100) and
MgO(100) obtained in this work

NiO(100) MgO(100)

CO 0.30 eV 0.14 eV
NO 0.57 eV 0.22 eV



The low coverage adsorption energies for CO and NO on NiO(100) and MgO(100)
are compiled in Table 2. According to theory the interaction of the adsorbates with
MgO(100) and NiO(100) should be similar since the bonding should be mainly electro-
static in nature [17] (the electric fields at the surfaces of NiO(100) and MgO(100) are
similar). However, according to Table 2 the bonding energies are different with the
higher values being obtained for NiO(100). Thus, it may be the case that covalent inter-
actions involving the Ni3d electrons play a role in the adsorbate±substrate interaction
which should not be the case according to theory.

As far as it concerns the BSSE corrected calculations listed in Table 1 which are
expected to yield qualitatively better results as compared to the non-corrected calcula-
tions, it appears that the theoretical results for adsorption on MgO(100) are in general
in line with our results whereas a similar favorable comparison cannot be made for
NiO(100). Thus, it may be needed to re-investigate the role of the Ni3d electrons in
future theoretical studies.

4. Summary

Using TDS we have determined the adsorption energies of CO and NO on NiO(100) and
MgO(100). Adsorption energies of (0.30� 0.03) eV for CO/NiO(100), (0.57� 0.04) eV
for NO/NiO(100), 0.14 eV for CO/MgO(100) and 0.22 eV for NO/MgO(100) were ob-
tained for the low coverage regime. The results for vacuum-cleaved NiO(100) are in
line with adsorption energies obtained for thin NiO(100) films on NiO(100) whereas for
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Fig. 7 Fig. 8

Fig. 7. Adsorption energy of CO on NiO(100) cleaved in vacuum as a function of coverage. The
data have been determined from TDS spectra like those shown in Fig. 3 (upper part) using the
leading edge method [26] and complete analysis [27]. TDS data taken with heating rates of 0.1,
0.2, 1 and 2 K/s have been used
Fig. 8. Adsorption energy of NO on NiO(100) cleaved in vacuum as a function of coverage. The
data have been determined from TDS spectra like those shown in Fig. 4 (upper part) using the
leading edge method [26] and complete analysis [27]. TDS data taken with heating rates of 0.2 and
1 K/s have been used



CO/MgO(100) our results do not agree with values for MgO(100) films on Mo(100).
The TDS results for CO on MgO(100) agree reasonably well with recent ab initio
calculations but they are at variance for NO and CO on NiO(100) which we tentatively
attribute to covalent interactions of the adsorbates with Ni3d electrons.
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