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A B S T R A C T

Adsorption and desorption of CO from Ni nanostructures deposited on muscovite mica substrates have been
studied by TPD and characterized by XPS and AFM. In agreement with previous reports it is found that CO does
not adsorb on the bare mica substrate. The desorption spectra depend strongly on the Ni coverage on the mica
substrate. Three coverage regimes have been found; for low Ni coverage of approximately 0.2 monolayers a
dominant desorption peak is found near 400 K. For medium coverage of approximately 0.6 monolayers three
distinct peaks appear in the temperature region from 250 to 550 K. For higher Ni coverage of approximately 3
monolayers a single peak is observed near 550 K. The high temperature peak was assigned to desorption from
terrace sites, the medium temperature peak was assigned to step sites, and the low temperature peak was argued
to stem from lateral interaction between adsorbed CO species and possible sites with low coordination, e.g. kink
sites. Desorption parameters have been extracted from the low temperature part of the desorption spectra.
Anomalous low values for the vibrational prefactors were obtained in the case of low Ni coverage. This is argued
to be due to dissociation of CO.

1. Introduction

The adsorption characteristics of gases on metal surfaces are struc-
ture sensitive since the bonding varies from adsorption sites like dif-
ferent crystalline facets as well as step and kink sites. Of particular
interest in this regard is adsorption on nanoparticles where the number
of different adsorption sites depends on the type and size of the clusters.
A comprehensive understanding of such phenomena is important in the
field of catalysis in order to optimize turnover rates and selectivity as
well as to reduce deactivation of catalytic processes [1–3]. Nano-
particles in the size range from 1 to 20 nm exhibit large changes in
structural and electronic properties which affect catalytic properties.

In this work, adsorption of CO on the surface of muscovite mica,
which is a non-swelling clay, is studied by use of X-ray photoelectron
spectroscopy (XPS), temperature programmed desorption (TPD), and
atomic force microscopy (AFM). Muscovite mica is available in high-
grade natural and synthetic forms and show good thermal stability up
to a temperature of 900 K. Nickel was deposited on the mica substrates
surfaces prior to adsorption of CO. This system may serve as a model
system for studying doped clay surfaces by surface analytical tools.
Nickel was chosen as dopant due to its catalytic properties [4], and
carbon monoxide is often conveniently used as a model gas in studies of
adsorption and desorption of carbon containing gases [5]. In addition,
catalytic reactions involving CO are important in a number of

technological applications, e.g. a recent study has shown that Ni-mica
catalysts exhibit high catalytic activity and long-term stability of am-
monia decomposition to COx-free H2, so that hydrogen can be used as a
clean fuel [6]. Other studies have shown that nickel supported catalysts
are effective for CO methanation, which can be useful for carbon cap-
ture, energy storage and production of synthetic natural gas for use in
biofuels [7,8].

The present experiments show that CO does not adsorb on clean
mica for temperatures down to 110 K. Previous experiments have
shown that a contamination layer is formed on mica by adsorption of
CO or CO2 when water is present and acting as a binding agent, and that
mica cleaved in ultra-high vacuum (UHV) does not adsorb CO [9,10].
Therefore, the adsorption of CO on the samples of sub monolayer
coverages of Ni on mica is likely to occur at or near the Ni atoms.
Growth of Ni on muscovite mica has been investigated for different sub-
monolayer coverages and temperature treatments. Desorption para-
meters have been estimated from the low temperature edge of the TPD
spectra.

2. Experimental

The muscovite mica substrate was obtained from Goodfellow (po-
tassium aluminosilicate sheet, 0.15mm thick and 12mm diameter,
condition clear ruby), and was cleaved in vacuum by using the scotch
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tape method. Subsequently, the mica was annealed overnight in UHV at
a temperature of 700 K. Carbon contaminants were then removed by
hydrogen gas bombardment using a naked filament placed in front of
the sample and a hydrogen gas pressure of 2.6 · 10−4 Pa at sample
temperature 700 K. By measuring core level intensities by XPS before
and after hydrogen treatment it was concluded that negligible changes
in surface composition occurred caused by the treatment. The mica was
mounted on a molybdenum support and was resistively heated. The
sample could be cooled down to a temperature near 110 K. The surface
structure of the cleaned mica surface was verified by low energy elec-
tron diffraction (LEED) to show a clear hexagonal pattern. Ni was de-
posited at the sample using thermal evaporation and e-beam deposition.
A low evaporation rate of about 0.6 Å̊/min was used. The evaporation
rate was verified by using a quartz crystal rate monitor as well as from
XPS intensities. The effective thickness of the Ni layer after heating to
700 K was determined from core level intensities. A simplistic model of
clustering is depicted in Fig. 1 for the case of two layers in the cluster.
This model gives the following expression for the ratio of core level
intensities Ilayer and Isub for layer and substrate:
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where a is the thickness of one monolayer, λlayer and λsub are the elec-
tron mean free paths for core levels in layer and substrate, respectively,
and n is the number of monolayers in the cluster. TPD spectra were
obtained by using a shielded and differentially pumped Prisma quad-
rupole mass spectrometer (Pfeiffer). The mass spectrometer was posi-
tioned close to the sample surface during measurements to discriminate
against spurious desorption from the sample support, and to obtain
reproducible intensities that could be compared for different runs. Si-
multaneous spectra were recorded from masses 2, 18, 28, 32 and
44 amu which correspond to H2, H2O, CO, O2 and CO2 molecules. XPS
measurements were recorded using a SES2002 spectrometer (Scienta)
in conjunction with a monochromatized Al Kα X-ray source (Scienta).
An energy resolution of about 0.4 eV was obtained at 200 eV pass

energy. A flood gun was used for charge neutralization during the
photoemission measurements. AFM measurements were performed in
the peak force-tapping mode in air, using a ScanAsyst probe on a Na-
noscope IV microscope (Digital Instruments). The AFM images were
recorded at atmospheric conditions after the TPDruns had been com-
pleted.

3. Results

AFM images are shown for low, medium and high Ni coverage in
Fig. 2. These images were obtained in air after the samples had been
removed from the UHV chamber after the TPD experiments had been
performed. The coverage was estimated from XPS intensities that were
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Fig. 1. Upper figure: Schematic diagram of a simplistic model of clustering on a
surface, assuming two monolayers in the cluster. Lower panel: XPS layer/sub-
strate intensity ratio as function of number of monolayers in the clusters (see
text).

100 nm

2.3 nm

1.6

1.0

0.5

0.0

0.5

1.0

1.5

2.0

7.7 nm

8.4

6.0

4.0

2.0

0.0

2.0

4.0

6.0

Fig. 2. AFM images of low, medium and large Ni coverage on muscovite mica.
Effective Ni coverages are: (a) 0.1 ML, (b) 0.6 ML, and (c) 4.0 ML.
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recorded after multiple temperature cycles. The line in the lower left
corner of the images corresponds to 100 nm. The images in Fig. 2(a) and
(b) are 500×500 nm2, whereas the image in Fig. 2(c) covers
1× 1 μm2. The AFM images of the submonolayer Ni samples are similar
in that the Ni structures have approximately the same diameter and
height. The sample of medium Ni coverage, Fig. 2(b), appears to have a
higher number of clusters packed closer together. The image from the
large Ni coverage sample is quite different, Fig. 2(c). Larger Ni clusters
are formed, both in diameter and height. It is worth noting that even for
an effective coverage of 4 ML the Ni film is not continuous, as indicated
by the fact the charge compensation was necessary to avoid peak dis-
tortion during XPS measurements.

Nickel was deposited onto vacuum-cleaved and hydrogen atom
bombarded muscovite mica at coverage from 0.2 to 2.9 monolayers
(ML). No carbon contaminants were observed by XPS on the clean mica
surface. The substrate temperature was kept at 150 K during Ni de-
position. Carbon monoxide was dosed at a temperature of 150 K at a
partial pressure of 1.3 · 10−6 Pa. It was found by TPD that no CO was
adsorbed on the clean mica substrate down to 110 K. In Fig. 3 are
shown TPD spectra of CO for a nickel coverage of 0.56 ML which was
deposited at a substrate temperature of 150 K. The spectra are labelled
by the CO dose; 0.1, 0.2, 0.5, 0.7 and 1.0 L (1 L=1 Lang-
muir= 1.3 · 10−4 Pa·s). The Ni coverage was estimated by XPS after the
TPD runs were completed. The data in Fig. 3 are raw and unscaled data.
Prior to the first TPD run, the sample was exposed to 1 L CO and heated
by heating rate 1 K/s to 710 K. This was done to stabilize the Ni na-
nostructure.

From the TPD spectra, it was concluded that the saturation dose is
near 1.0 L for CO dosed at 150 K. There are three distinct features in the
desorption spectra at the higher CO exposures in Fig. 3; peaks are lo-
cated in the temperature regions 250–280, 350–420, and 530–580 K.
These TPD spectra are made complicated by assumedly several different
adsorption sites as well as lateral interactions between adsorbed mo-
lecules. Kinetic parameters were obtained for the initial desorption by
fitting the low temperature part using the Polanyi-Wigner equation
[11]. The results are summarized in Table 1. Assuming molecular ad-
sorption of CO the first order equation may be used. In Fig. 4 are shown
fits to the leading edge of two of the spectra in Fig. 3. A linear back-
ground was subtracted from the spectra prior to the fitting procedure.
The obtained desorption energies and vibrational pre-factors are shown

in Fig. 5 for the series of spectra in Fig. 3. The kinetic parameters de-
pend on the coverage of CO and the assumption when extracting the
parameters is that the coverage does not change more than a few per-
cent for the region of the pre-edge that is being fitted [12]. Desorption
energies were found to range from 1.0 (0.1 L CO exposure) to 0.12 eV
(1.0 L CO exposure), and vibrational prefactors range from 6.3 · 107 to
2.0 s−1.

In Fig. 6 is shown TPD data for CO adsorbed on 0.20 ML Ni on mica.
Ni was deposited and CO was dosed at a substrate temperature of 150 K.
A rearrangement of deposited Ni takes place during the first tempera-
ture run from 150 to 700 K. For subsequent runs the Ni/mica system
seems unchanged as witnessed by reproducible desorption spectra. The
spectra in Fig. 6 show runs where the CO doses range from 0.1 to 1.0 L,
as indicated in the figure. A main peak is observed in the temperature
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Fig. 3. TPD of CO from 0.56 ML Ni on mica. The CO exposure is given in the
figure. Both Ni and CO were administered at a sample temperature of 150 K.
Spectra are labelled by CO exposures 0.1, 0.2, 0.5, 0.7 and 1.0 L. The dashed
lines indicate the position of the three major components of the spectra.

Table 1
Desorption parameters for different Ni coverage and CO exposure as described
in the text, based on TPD spectra that were preheated to 710 K. Ni was de-
posited at 150 K, and CO exposures were done at 150 K substrate temperature.
Ed is the desorption energy and ν is the vibrational prefactor. The effective Ni
coverage is given in monolayers.

Ni coverage CO exposure Ed ν

[ML] [L] [eV] [s−1]

0.20 0.1 0.31 301
0.2 0.18 4
0.4 0.14 1.1
1.0 0.10 0.17

0.56 0.1 1.0 6.3 · 107

0.2 0.42 110
0.5 0.22 79
0.7 0.17 13
1.0 0.12 2

2.9 0.1 1.14 2.8 · 108

0.5 0.92 8.7 · 106

0.75 0.71 1.9 · 105

1.0 0.61 2.2 · 104
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Fig. 4. TPD spectra from Fig. 3 showing fits to the low temperature part for CO
exposures 0.2 L (bottom) and 0.7 L (top). First order desorption was assumed.
Extracted desorption parameters are given in Table 1.
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region from 370 to 400 K. For the highest exposures, 0.4 and 1.0 L, a
low temperature shoulder of the main peak emerges. A relatively weak
high temperature shoulder near 550 K is seen in all these spectra.
Desorption parameters for the four bottom TPD spectra in Fig. 6 were

found to range from 0.31 (for 0.1 L CO exposure) to 0.10 eV (for 1.0 L
CO exposure) for the desorption energy, and from 301 to 0.17 s−1 for
the vibrational prefactor.

For larger Ni depositions the TPD spectra are dominated by a high
temperature desorption in the range 520 to 570 K. Fig. 7 shows TPD
spectra from CO exposures 0.1, 0.5, 0.75 and 1.0 L, as indicated in the
figure. For these spectra, 2.9 ML nickel was deposited at 150 K and CO
was dosed at 150 K. For the lowest CO exposure (bottom curve), the
peak appears near 560 K. The position of this peak moves to lower
temperature with increased CO dose, and is located near 530 K for a CO
exposure of 1.0 L. This shift and a broadening of the spectrum seem to
be caused by a low temperature shoulder that appears with increased
exposure, and which is not clearly resolved. Monte-Carlo simulations
have previously showed that peaks at lower temperature appear with
increasing CO coverage [13–15] due to lateral interactions between CO
molecules. An analysis of the spectra as described above, results in
desorption parameters where the desorption energy ranges from 1.14
(for 0.1 L CO exposure) to 0.61 eV (for 1.0 L CO exposure), and where
the vibrational prefactor ranges from 2.8 · 108 to 2.2 · 104 s−1. The ob-
tained desorption parameters for low (0.2 ML), medium (0.56 ML) and
high (2.9 ML) Ni coverage are summarized in Table 1.

4. Discussion

It is observed that the morphology of the nickel decorated musco-
vite mica surface changes with the initial temperature cycle from 130 to
710 K. Subsequent TPD cycles after the initial temperature run were
found to be identical for the same exposure, thereby indicating that the
morphology of the sample stays unchanged after the initial annealing to
710 K. The largest initial changes are observed for the largest Ni cov-
erage. For the largest Ni coverage an effective thickness of 12.7 ML was
estimated from XPS core level intensities prior to heating and 4.0 ML
after heating. For the smallest Ni coverage a change from 0.1 to 0.08
ML was estimated. These changes may be understood in terms of
clustering of Ni on the mica surface as the temperature is increased. The
AFM images in Fig. 2 confirms that clustering of Ni takes place on the
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Fig. 5. (Upper curve) Desorption energy, and (Lower curve) log(prefactor) as
functions of CO exposure, as obtained from analysis of the TPD spectra in Fig. 3.
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Fig. 6. TPD of CO from 0.20 monolayer Ni on mica. The CO exposure is given in
the figure. Both Ni and CO were administered at a sample temperature of 150 K.
Spectra are labelled by CO exposures 0.1, 0.2, 0.4 and 1.0 L. The dashed line
indicates the low temperature shoulder that emerges with increases exposure to
CO.

Fig. 7. TPD of CO from 2.9 monolayer Ni on mica. The CO exposure is given in
the figure. Both Ni and CO were administered at a sample temperature of 150 K.
Spectra are labelled by CO exposures 0.1, 0.5, 0.75 and 1.0 L.
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mica substrate. In view of the relatively low temperature during heating
cycles, evaporation and intercalation of Ni in the layered structure of
muscovite mica are expected to be of less importance for the observed
reduction of Ni intensities in the XPS core levels.

Three main desorption peaks around 250–280, 350–420, and
550–600 K are observed for CO desorption from Ni-mica samples
having varying amounts of Ni on the surface. The samples with a small
amount of nickel show one main peak around 400 K, the samples with
medium amount of nickel show all three dominant features, whereas
the samples with large amount of nickel show one desorption peak
around 550 K, when the temperature rate was 1 K/s. An assignment of
the various features in the desorption spectra may be based on previous
reported findings [16,17]. The desorption peak near 250–280 K is as-
sumed to be caused by dipole-dipole interaction between adsorbed CO
molecules for large CO exposures when the distance between adsorbed
molecules become small [13–15]. Reference to CO adsorbed on stepped
Ni surfaces is relevant, as particulate Ni films may be expected to be-
have similar to stepped surfaces with regard to adsorption [18]. Earlier
studies conducted by Benndorf and Meyer [16,17] show that the CO-Ni
bonding strength was lowered for CO adsorbed on step sites. They as-
sumed that the low temperature peaks in the CO desorption spectra
were caused by adsorption on step sites. They also found a sequential
filling of different desorption states with increasing CO coverage, si-
milar to the present results obtained for the medium coverage Ni-mica
surfaces. The Ni(111) surface only have one desorption peak near
450 K, whereas the stepped surfaces have several desorption peaks. For
Ni(331) desorption peaks were reported at 455, 360 and 218 K, and for
Ni(221) peaks were at 455, 300 and 250 K [16,17]. The high tem-
perature desorption peak for the stepped surfaces was assumed to be
due to adsorption on terrace sites. The fact that the position of deso-
rption peaks in TPD depends on the heating rate complicates direct
comparison between peak temperatures from different data sets; higher
heating rate gives higher temperature for the peak position.

Since the present experiments do not determine the detailed struc-
ture of the Ni clusters on mica, the interpretation of the TPD data is
based on the tendency of FCC metals to form clusters of the cubo-oc-
tahedral shape to minimize the free energy [19,20]. For cubo-octahe-
dral clusters the number of terrace, step and kink sites varies with the
size of the cluster. The recent work by de Araujo Filho and Murzin [21]
shows that the fraction of terrace sites increases with the size of the
cluster. For small clusters the fraction of terrace atoms approaches zero,
whereas the terrace fraction for clusters consisting of few hundred
atoms is more than 50%. In a real system, nanoparticles may have a
variety of different shapes, however, the assumption that the fraction of
terrace sites increase with cluster size seems reasonable.

Based on the above considerations, the assumption is that in the
present data, the desorption peak around 550 K corresponds to deso-
rption from terrace sites, and the peak near 400 K corresponds to des-
orption from step sites. Since the samples with several monolayers of Ni
only have one peak near 550 K, the adsorption might only take place at
terrace sites on top of large Ni clusters. For the mica samples with small
amounts of nickel the fraction of terrace sites is small, and CO ad-
sorption is predominantly on step sites, which gives a desorption peak
near 400 K. For the samples with medium doses of Ni there may be a
combination of step and terrace sites, and both peaks appear in the
spectra. This interpretation is supported by the AFM images, in which
nanostructures are observed at low Ni coverage (Fig. 1a and b), whereas
distinct Ni nanoparticles are seen at higher coverage (Fig. 1c). The low
temperature peak near 250 K is thought to be due to lateral interactions
of adsorbed CO as the CO exposure is increased, but can also be due to
adsorption on lower coordinated sites, e.g. kink sites and Ni sites at the
Ni-mica interface. A comparison between the 0.56 ML (Fig. 4) and 0.2
ML (Fig. 6) samples shows a more distinct low temperature feature in
the case of the 0.56 ML sample for 1 a CO exposure of 1.0 L. This is
speculated to be caused more disordered Ni nanostructures in the case
of the more dilute 0.2 ML sample, which leads to broader desorption

features. The resolution of the AFM images is not high enough to
confirm this point. The present results are consistent with previous
results on adsorption of CO on Ni on glass [22], where desorption peaks
near 170, 320, and 470 K were observed. The work by de Araujo Filho
and Murzin [21] models TPD spectra from nanoparticles, and demon-
strate how three-dimensional aspects of metal nanoclusters affect the
TPD spectra. The obtained modelled spectra for ammonia on supported
Pt particles are qualitatively similar to what is presently observed for
CO on Ni-decorated mica [21].

A range of different adsorption sites exists on the Ni nanostructures.
For the larger particles, terrace, edge and kink sites may predominate.
For the smaller nanostructures the interface to the mica substrate may
become increasingly important, and a range of low-coordinated sites
may be present. Each TPD spectrum is therefore composed of several
adsorption sites of different kinetic parameters. Due to the relative
complexity of the TPD spectra, only kinetic parameters from the low
temperature edge of the spectra have been extracted. These then re-
present the onset of desorption of CO from each sample. The desorption
parameters as obtained from the TPD spectra are presented in Table 1.
These parameters are believed to represent the range of kinetic para-
meters that exists in the Ni-mica samples. The results show unusual low
vibrational prefactors ν for first order desorption where molecular ad-
sorption is assumed. Typical values for ν in this case are of the order of
1013 s−1. Values of ν up to about 108 s−1 were obtained for high Ni
coverage and low CO exposure. For low amounts of Ni and high CO
exposure values of ν below 1 s−1 were found. These findings may not be
consistent with the assumption of molecular adsorption on the Ni-mica
system. The lower than expected estimated values for ν may be due to
partly dissociation of CO on these surfaces. This may also partly be due
to that the desorption spectra is composed by several peaks of near
equal desorption parameters due to variety of near equivalent adsorp-
tion sites on the muscovite mica substrates. Indication of CO decom-
position on these samples is given by XPS where a C 1s signal is mea-
sured after CO adsorption and subsequent TPD runs. However,
readsorption of CO from the ambient vacuum on these very reactive Ni
nanostructures cannot be ruled out. Earlier work of CO adsorption on Ni
surfaces show the tendency that CO dissociates on the surface of Ni in
the presence of an electron beam for LEED and Auger experiments
[23,24]. The previous work by Doering, Dickenson, and Poppa [18]
showed that CO decomposes on Ni clusters at a rate that is strongly
dependent on particle size, especially for clusters below 5 nm in dia-
meter. Previous works have shown that CO has a high dissociation rate
on Ni at step edges [25] and sputter-damaged surfaces [26]. Table 1
shows clear trends in the evolution of desorption parameters with Ni
coverage and CO exposure. Both the desorption energies and vibra-
tional prefactors increase with increasing Ni coverage, and decrease
with increasing CO exposure. For the lowest Ni coverage (0.2 ML),
anomalous low vibrational prefactors are obtained. Based on this
finding and the discussion above, it may be argued that dissociative
adsorption of CO predominates at this coverage with small Ni nanos-
tructures. In the case of high Ni coverage (2.9 ML), terrace atoms
dominate and molecular adsorption predominates. This argument is
then supported by higher vibrational prefactors. In the case of inter-
mediate Ni coverage (0.56 ML), high values for vibrational prefactors
are obtained for low CO exposure and low values for vibrational pre-
factors are obtained for higher CO exposures. This may be an indication
that molecular adsorption of CO takes place initially, and subsequently,
when all terrace sites are occupied the adsorption becomes dissociative.
A comprehensive understanding why dissociative adsorption should
result in lower desorption energies and thus lower desorption tem-
peratures has not been reached. However, it may be conceivable that
the interface between the nanoparticles and the muscovite mica sub-
strate play a role in the desorption characteristics at low Ni coverage.
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5. Conclusions

Three major components were observed in the CO TPD spectra from
nickel-decorated muscovite mica. For a heating rate of 1 K/s major
peaks were found near 250, 400 and 550 K. For samples with low
amounts of Ni, about 0.2 ML, predominantly the low temperature peak
was found. For samples with intermediate amount of Ni, about 0.6 ML,
all three peaks were observed, whereas in the case of large Ni amounts,
about 3.0 ML, only the high temperature peak was seen. The high
temperature peak was assigned to desorption from terraces on the
nickel particles, the intermediate peak was assigned to desorption from
step sites, and the low temperature peak was assigned to lateral inter-
actions between adsorbed CO molecules and possibly desorption from
low-coordinated sites. Anomalous low values obtained for the vibra-
tional prefactor is believed to be caused by partial dissociation of CO
and edge distortion caused by adsorption in several near equivalent
sites.
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