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XPS Studies of Oxygen Adsorption on Polycrystalline Nickel susface (IT)
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The isotherms of oxygen chemisorption on polycrystaiine nickel surface are obtained at various remperatures between 248K
and 523K from intensity measurement of O 1s xps peaks, and the activation energy of the chennsorption is estimated as a
function of the coverage. The activation energy extrapnlated to zero coverage is found 10 be -9.9kJ/mol. The negative
activation energy can be taken as a strong implication of the propriety of a currently accepted chemisorption model, in which
molecularly adsorbed precursor state is assumed to exist. The residence Hme of this precursor state is estimarted by assum’ng
a malecularly physisorbed state for the precursor state and assuming a pairwise interaction enryy of Lennard-Jones 12-6 po-
tential between an admelecule and each substraie nickel atom. The sticking coefficients are also caleulated from the iso-
therms. The calculated results agree well with those obtained by others with different methods.

Introduction

In our previous report of xps studies of oxygen adsorption
on polycrystalline nickel surface’, it is reported that the O 1s
xps peak at 530.2eV(binding energy) due to the dissociative-
ly adsorbed oxygen atoms appears in the early stage of ox-
ygen exposure at all the temperature range of experiment
but the highest one at 523K. It is also reported that this dis-
sociatively adsorbed oxygen species is responsible for the
formation of p(2 x 2) and ¢(2 x 2) oxygen layer structures on
Ni(100} surface. On further oxygen exposure, this species
forms surface oxide layer, showing additional peaks at 531.3
eV and 529.7eV. The rate of this oxide laver formation de-
creases with increase in temperature. It is certain that an at-
tempt to kinetic explanation for these observed results will
augment the hitherto known knowledge of the oxygen chem-
isorption mechanism,

There have been a lot of studies on the mechanism of
oxygen-nickel surface interaction systems, expecially by
means of AES and LEED** ard photoelectron spectroscopy
7. Most of the results are summarized in recent review ar-
ticles®®. For a reasonable explanation for these experimental

findings, it is generally assumed that oxygen is chemisorbed
dissociatively through a molecularly adsorbed precursor
state as following;

0, (g)+ * =0, (ad) — 20 (ad).
* ; nickel surface {adsorption site}

Brundle ¢f af” observed that the stickin g coefficient of ox-
ygen molecule on the Ni(100) surface decreases linearly with
the increasing oxygen coverage according to (1-4 8 ) at 300K.

8 being the coverage. To explain the findings with the as-
sumed model described above, they have further assumed
that the molecularly adsorbed species has a so short resi-
dence time on the nickel surface that the rate of overall ox-
ygen chemisorption is hardly influenced by temperature
change at these elevated temperalure range. On the other
hand, they found a very high sticking coefficient at 77K, ap-
proaching almost unity up to higher coverage. They have
assumed this temperature is low enough to hold the mole-
cularly adsorbed species very long and thereby resulting in
such a high sticking coefficient.

In spite of all these assumptions, no experirnental evi-
dence of the molecularly adsorbed species has been ever
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Figure 1. O{1s) photoelectron spectra with varying oxygen ex-
posure at 298K.

reported. In this work, oxygen chemisorption isotherms are
obtained from the xps spectra at various temperatures and
activation energies for the chemisorption are calculated.

This work is to provide a more conclusive evidence for
the currently accepted model of the oxygen-nickel interac-
tion system.

Results and Discussion

All the measurements are performed in a ultra high
vacuum xps system (ESCA 750, Shimadzu Co., Japan} on
which a quadrupole mass spectrometer (VG. Ltd., Masstorr
FX, England) is attached. The pressure of the ESCA cham-
ber is monitored with a BA ionization gauge. The details of
the sample treatment and the calibration of binding energy
spectra are described in the earlier papers™'®.

(a) Activation Energy of the Initial Stage
Adsorption. X-ray photoelectron spectral peaks of O 1s re-
sulting from the interaction of oxygen with polycrystalline
nickel surface are measured at various temperatures, and
one of the results at 298K are shown in Figure 1 as a function
of oxygen exposure, The figure is quite similar to Figure 1 of
the earlier report except there are more spectra at the inter-
mediate exposures, The O 1s peak at 530.2eV is due to the
dissociatively adsorbed oxygen as outlined in the introduc-
tion section, and the other two, at 531.3eV and 529.7¢V,
have been assigned to the non-stoichiometric NiOx and the
surface NiQ, respectively.!

The similar restdts are obtained at 373K and 423K. The re-
sult at 523K is however different a little in that the O 1s peak
at 529.7eV only appears from the initial stage of the oxygen
exposure, indicating the commencement of NiQO layer forma-
tion from the early stage of adsorption. Assuming the area of
each xps peak is proportional to the surface concentration of
respective species, isotherms of the oxygen chemisorption
can be obtained from the measured xps spectra. The result-
ing isotherms at 298K, 373K, 423K, and 523K are shown in
Figure 2. All the isotherms in this figure show a knee bend
near the peak area of ca 0.04, the scale being relative. From
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Figure 2. Isotherms of oxygen uptake at lower coverage on poly-
crystalline nickel surface at various temperatures.
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Figure 3. Arrhenius plots for the dissociative oxygen adsorption at

various coverages,

the comparison of the isotherm at 298K obtained by this
method with the one obtained from AES and LEED studies
by Holloway ef ai*?, it is found that the peak area of 0.042
corresponds to the c{2 x2) LEED pattern. This peak area of
0.042, accordingly, is taken as the half monolayer coverage
of oxygen atoms, that is 8 x 10* atom/cm®. The isotherms of
Figure 2 show that the oxygen exposure just needed to give
this coverage increases with increasing temperature, being
12.9L at 298K, 23.0L at 373K, and 29.0L at 423K. This in-
dicates that the rate of dissociative oxygen adsorption de-
creases with increasing temperature. This tendency can be
attributed to the decrease in the residence time of the mole-
cularly adsorbed species with increase in temperature.
Arrhenius plots at various oxygen coverages are made
from the isotherms as shown in Figure 3. The activation
energies for the chemisorption can be calculated from the
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Table 1. Physisorption Energy of Oxygen Molecule on Nickel
(111) Surface

16 17 16
O ge ass Ogs Egs’( =& g;q) Zosin Unpin
0.343 0.249 4.296 6.828 0.289 44.846

The unit of length is given in nm, and that of energy in k}/mol.

slopes of the plots. The calculated activation energies plotted
as a function of the oxygen coverage are shown in Figure 4.
The activation energy extrapolated to zero coverage is -5.9
kJ/mol.

This activation energy is the one for the reaction, O,(g)
—> 20(ad), and the negative value should be taken as a
strong implication of the propriety of a currently accepted
model of molecularly adsorbed precursor state. Negative ac-
tivation energies are observed in many gas-metal interaction
systems, such as N,-W{100), N,-Fe(111), and O,-Pt systems.
All of these systems are known experimentally to make a
dissociative adsorption through a molecularly adsorbed pre-
cursor state'!4,

(b} Adsorption Energy of The Precursor State. It is
reasonable to assume the precursor state of molecularly ad-
sorbed species as a physisorbed molecular species, and to
estimate the adsorption energy of the precursor species by
summing up pair-wise interaction energies between a physi-
sorbed molecule and the nickel atoms., Using the Lennard
-Jones 12-6 potential for the pair-wise interaction potentiai
energy, the summation is carried out according to Steele’s
method'®. Calculated results and parameters used therein are
shown in Table 1. Nickel (111) plane is taken as the interac-
tion surface, and a tertiary coordination position of the plane
is taken as an adsorption site in this calculation. This plane is
most densely packed, and thereby expected to give the lar-
gest interaction energy. Here, o is taken as an arithmetic
mean of o and o, and e is set equal to ¢, instead of
taking a mean because ¢ is too high to give an absurdly
high contribution to the mean value of ¢, The Z;, is the
calculated vertical height of the ad-molecule above the nickel
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surface. The calculated energy minimum, which corresponds
to the physisorption energy, is quite reasonable as a physi-
sorption energy, and is much lower than the activation ener-
gy of the initial chemisorption.

(c) Potential Energy Diagram. The potential energy
diagram based on the chemisorption model assumed current-
ly is shown in Figure 5. The reaction coordinate is not to the
scale, and the adsorption energy of O(ad) is taken from a
literature value'®. In compliance with this diagram, the pre-
cursor state species is assumed to pass into Ofad), and the
residence time of the species is calculated using the Frenkel
equation,

= troexp(E./kT),

where, 7, is the time of oscillation of the molecules in the ad-
sorbed state. Taking t,=10" sec, the value of r is calculated
to be 6.7x107 sec at 298K, 2.0x1077 sec at 323K, and
6.5 x 10%sec at 423K. The experimental failure in detecting
the precursor state species can be attributed partly to this
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Figure 7. Full isotherms of oxygen uptake on polycrystalline nickel
surface at various temperatures.

short residence time. The residence time increases, however,
sharply with decreasing temperature. It would be 2.6 x 10"
sec at 77K, if the precursor state species under- went the
same chemisorption path. Further work seems to be necess-
ary to explain the experimental fact that nomolecularly
adsorbed species are detected yet in spite of such a long
residence time.

(d) Sticking Coefficient. The number of chemisorbed

oxygen atoms at any coverage can be calculated from the ad-
sorption isotherms, as the 0.042 peak area of 298K isotherm
in Figure 2 has been assumed previously to correspond to
8 x 10** oxygen atom/em?®. Taking the residence time of the
chemisorbed atoms infinite, the sticking coefficient of ox-
ygen molecules can be calculated from the number of chemi-
sorbed oxygen atoms. The results of calculation are shown in
Figure 6. The value approaches unity at the initial stage, and
decreases according to {1-48) until the coverage reaches ca
0.2. This is a good agreement with the results of Brundle e/
al” and Holloway et a%. A long tailing beyond 4=0.2 can be
attributed to the effect of depleted adsorption sites.

{e) Oxidation Process. The full isotherms of oxygen

uptake up to 600L exposure are obtained from the O 1s peak
areas at the each experimental temperatures as shown in
Figure 7. At the all temperatures other than 523K, only one
O 1s peak appears at 530.2eV in the initial stage as shown in
Figure 1, and this dissociative adsorption peak corresponds
to the steep rising portion of the isotherms. Thus it is confi-
dent that the initial dissociative chemisorption takes place
fairly rapidly. At 523K, however, O 1s peak appears at 529.7
eV at the initial stage instead of at 530.2eV. It is evident ac-
cordingly that the oxidation of the nickel surface commences
directly with a moderate rate not through the dissociative ad-
sorption.

Beyond the peak area of 0.042 through ca 0.085

(monolayer coverage region), O 1s peak appears at 529.7eV
and 531.3eV, Whereas the former peak due to the surface NiO
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increases rapidly in its intensity,the latter peak due tothe non-
stoichiometric NiOy remains almost constant isrespective of
the increasing oxygen exposure. As assumed in our earlier
paper, this non-stoichiometric NiOxis the resultant of oxygen
atoms adsorbed on the surface NiQO.

The oxygen exposures necessary to give a NiQ monolayer
in our work are 63L at 298K, 72L at 373K, 130L at 423K,
and 150L at 523K. The results coincide with the findings of
Hotloway et al.%® The isotherms of Figure 7 also show that the
surface NiO layer continues to grow after the monolayer for-
mation, reaching two layers at the all experimental tempera-
ture range, except at 523K at which three layers are reached.
The rate of growth increases with increase in temperature.
These results also agree with the findings of Holloway ef a*-*
and Mitchell et al.5

Conclusions

Though it is currently accepted that oxygen molecules
chemisorb dissociatively on nickel surface through a mole-
cularly adsorbed precursor state, no experimental evidence
has been ever reported. The findings of the negative activa-
tion energy of oxygen chemisorption at the initial stage of ad-
sorption of this work is believed to provide a firm evidence of
this unidentified precursor state.

The adsorption energy of the precursor state molecular
species is estimated from the calculated physisorption
energy of oxygen molecules on Ni(111) surface. The obtain-
ed value of -44k]J/mol is quite reasonable, when compared to
an experimental value of ca -40kJ/mo! for O,-Pt system!! 12
The residence times of the precursor state species estimated
in compliance with the above adsorption energy are tempera-
ture dependent. Brundle ef af’ assumed a very short re-
sidence time qualitatively, and assumed further that the dis-
sociative adsorption rate is hardly influenced by temperature
change. They attributed the unsuccessful experimental
detection of the precursor state species to this neglegibly
short residence time. The experiment of this work shows
that the rate of the dissociative chemisorption decreases with
increase in temperature, thereby resulting in a negative ac-
tivation energy.

The chemisorption of oxygen proceeds refatively rapidly
at the initial stage, where the dissociative chemisorption
takes place, and then a moderately proceeding chemisorption
follows to form an oxide monolayer. However at the highest
temperature of this work, 523K, no dissociatively adsorbed
oxygen species is found. The chemisorption takes place
leading to the formation of the surface oxide layer from the
initial stage, not passing through the dissociative adsorption.
The formation of bulk nickel oxide seems to follow after two
or three surface oxide layers are formed.
Acknowledgements. This work was supported by a grant
from the Korea Science and Engineering Foundation.
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The time correlation functions of concentration fluctuations due to the random forces near the steady state are evaluated for
a general twon-component nonlinear chemical system by solviny the corresponding two dimensianal Fokker-Planck equation,
The approximate methed of solving the Fokker-Planck equation is based on the eigenfunction expansion and the correspon-
ding eigenvalues for both the linear and nonlinear Fokker-Planck operators are obtained near the steady state. The general
results are applied to the Lotka madel near the oscillatory marginal steady state and the comparison is made between linear

and nonlinear cases.

Introduction

Various kinds of approximate methods"”, such as size ex-
pansion', time scaling®®, mode-mode coupling?, dynamic re-
normalization® and etc.®?, have been used to discuss the
dynamic phenomena for a single component nonlinear che-
mical svstem, starting from a Langevin equation, Fokker-
Planck equation or other equations. It is, however, much
more complicated to obtaine the dynamic properties for a
multicomponent system than for a single component system.

The purpose of the present paper is to obtain the time cor-
relation function of concentration fluctuations near a steady
state for general two component nonlinear chemical system,
assuming that chemical species obey a Langevin eguation.
The method to be used is the response theory’®, which is one
of the most effective methods. Then, applying the general re-
sults to a specific reaction model with instability, that is, the
Lotka model'®, we discuss the time correlation functions be-
tween the fluctuating parts of concentration near the oscil-
latory marginal stable steady state.

At first, we restrict ourselves to the linear Langevin equa-
tion. In order to discuss the time correlation function near a
steady state(or equilibrium) we have to obtain the eigenvalue

and probability distribution of the linear Fokker-Planck
equation. The easiest method in our opinion is the operator
method as in quantum mechanics.”®" We diagonalize the
linear Langevin equation with the aid of a suitable eigenvec-
tor” and obtain the corresponding linear Fokker-Planck equa-
tion. We introduce a function so that the Fokker-Planck
equation is transformed into a time-dependent Schroédinger
equation.” Using the creation and annihilation operators™!",
it can be shown that the probability distribution can be exp-
ressed in terms of the coupled Hermite polynomials. With
the aid of the eigenfunction we may obtain the solvable re-
currence formulae for the eigenvalues of the Fokker-Planck
equation in any order of coupling. Then, we extend the linear
theory to the nonlinear case to obtain the eigenvalue of the
nonlinear Fokker-Planck equation. In the nonlinear case it is
only possible to obtain the eigenvalue up to the first order of
the coupling. Nevertheless, we may discuss the nonlinear ef-
fect on the time correlation functions near a steady state.

Finally, the general results for the correlatior functions
are applied to the Lotka model to obtain the correlation fun-
ctions between the fluctuating parts due to the random for-
ces at the oscillatory marginal steady state.



