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Abstract—The kinetics of the catalytic oxidation of propane with oxygen on nickel in a self-oscillation mode
was studied. A comparative analysis of changes in reaction rate oscillations with time in the presence of nickel
wire and foil was performed. It was found that the reaction medium influenced the morphology of the catalyst
surface. With the use of X-ray photoelectron spectroscopy, it was demonstrated that a NiO layer no less than
100 nm in thickness was formed on the catalyst surface in the course of the reaction of propane oxidation. The
mechanism of the appearance of self-oscillations in the test system is discussed.

INTRODUCTION

Interest in the phenomena of multiple steady states
and reaction rate oscillations in various catalytic pro-
cesses has quickened in the past decades [1-7]. In
homogeneous catalysis, these phenomena were discov-
ered in 1951 by Belousov, who found that, in the oxida-
tion of citric acid with bromate in the presence of
cerium ions as catalysts, the solutions changed colors at
regular intervals (Belousov—Zhabotinskii reaction) [8].
Early in the 1970s, self-oscillations were also detected
in the heterogeneous catalytic reactions of CO and H,
oxidation on platinum and nickel [9-11]. Analogous
phenomena were found later in the reactions of ammo-
nia, ethylene, and methanol oxidation; CO hydrogena-
tion; NO reduction; etc. By now, more than two dozen
heterogeneous reactions that occur in a self-oscillation
mode on various catalysts (bulk and supported metals,
oxide catalysts, zeolites, etc.) are known [3].

The study of reactions under non-steady-state con-
ditions opens up wide opportunities for obtaining infor-
mation on detailed reaction mechanisms: the nature and
rate constants of elementary steps, short-lived reaction
intermediates, and their role in the overall chemical
reaction [12]. From this standpoint, it is of current inter-
est to find new examples of oscillating reactions and to
reveal the nature of critical phenomena. An undoubted
advantage of studying reactions in a self-oscillation
mode consists in the possibility of determining the sur-
face composition of the catalyst in the course of a single
experiment on both active and inactive branches of
reaction rate curves. This study provides an opportunity
to understand which changes in the system are respon-
sible for its transition between these states. We can say
that the study of reactions in a self-oscillation mode is
a new tool for examining the mechanisms of catalytic
reactions.

Previously, we found that propane oxidation with
oxygen in the presence of nickel wire can occur in a
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self-oscillation mode over the temperature range 650—
750°C [13, 14]. The period of oscillation of the rate of
this reaction was tens of seconds at a pressure of
~1 Torr in the reaction mixture. The appearance of self-
oscillations was preceded by an induction period, dur-
ing which the catalyst did not exhibit a detectable activ-
ity in propane oxidation, and the duration of this period
depended on the pretreatment of the sample. In this
work, we report the results of an experimental study of
the mechanism of catalytic propane oxidation on nickel
under the specified conditions. We compared the
dynamics of reaction rate oscillations in the presence of
nickel wire and foil. We studied changes in the chemi-
cal composition of the surface layer of the catalyst in
the course of propane oxidation by X-ray photoelectron
spectroscopy with the use of a procedure for layer-by-
layer analysis. Based on the experimental data, we pro-
posed a mechanism for the formation of self-oscilla-
tions in the test system.

EXPERIMENTAL

The kinetic studies of propane oxidation were per-
formed in a flow reactor made of fused silica [15]. Fig-
ure 1 shows a simplified diagram of the experimental
setup. A mixture of propane and oxygen was supplied
immediately to the inlet of the reactor with a nickel cat-
alyst. The reaction was studied over the temperature
range 600-850°C. The flow rate of the gas mixture at
the reactor inlet was 1 cm?/s (NTP). In this case, the
pressure measured at the reactor outlet was 1 Torr. To
determine the dependence of the period of oscillation
on the composition of the reaction mixture, the ratio

Pc y./Po. in the mixture was varied within a range
3478 2

from 50 : 1 to 1 : 1. In particular experiments, water
vapor was added to the reaction mixture in the ratio
Py, /Po,/Py,0 =10 :1: 6. The temperature of a gas
phase in the reactor was monitored using a Chromel—
Alumel thermocouple arranged along the axis of the
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Fig. 1. Schematic of the experimental setup.

reactor. The thermocouple was placed in a fused-quartz
case in order to exclude side reactions due to the con-
tact of the thermocouple material with the reaction mix-
ture. The chemical analysis of mixtures at the reactor
outlet was performed with the use of an MS-7303 qua-
drupole mass spectrometer (Russia). The gas phase was
sampled through a quartz diaphragm 0.2 mm in diame-
ter. The sampling time was no longer than 0.1 ms [15].

Nickel metal as wire (99.98%) 0.1 mm in diameter
and 70 cm in length or foil (99.98%) 0.1 mm in thick-
ness and 8 X 12 mm in size was used as a catalyst for
propane oxidation. The wire was coiled around a mini
bobbin of fused silica [13]. In the experiments with
nickel foil, the foil plane was oriented parallel to the
reactor axis.

The chemical composition of the near-surface layers
of catalysts was studied with a VG ESCALAB HP elec-
tron spectrometer with the use of AlK|, radiation (hv =
1486.6 eV). The scale of binding energies (E,) was cal-
ibrated against the lines due to the Au 4f;, (84.0 eV)
and Cu 2p3), (932.7 eV) inner levels in the spectra of
gold and copper surfaces, respectively. A procedure of
layer-by-layer analysis was used for determining depth
concentration profiles. The layer-by-layer etching of
catalyst surfaces was performed immediately in the
chamber of the electron spectrometer using 3-keV
argon ions at a current density of 10 uA/cm?. The rate
of etching was 1-2 nm/min [16].

The electron micrographs of nickel surfaces were
obtained using a BS-350 scanning electron microscope
(Tesla).

RESULTS

In the course of experiments, we found that propane
oxidation on nickel can occur in a self-oscillation mode
at 650-750°C. Figure 2 demonstrates a typical time
dependence of the partial pressures of oxygen and main
reaction products. The dynamics of reaction rate oscil-
lation was practically identical on nickel wire and foil.
For comparison, Fig. 3 shows the time dependence of
the concentration of oxygen in the course of propane
oxidation in the presence of nickel foil and wire under
identical conditions. The main reaction products were
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Fig. 2. Typical concentration oscillations of oxygen and
the products of propane oxidation on nickel foil. The tem-
perature of the gas phase was T, = 700°C; the ratio

between the partial pressures of propane and oxygen at the
reactor inlet was PCsﬂs/Poz = 10; /-4 refer to critical

points (see the text).

CO and H,. The period of oscillation was about 120 s.
The half-periods of maximum activity, during which
the intense consumption of oxygen and the violent
release of both the main products and complete oxida-
tion products occurred, alternated with the half-periods
of low activity, during which the rate of formation of all
products reached a minimum. The period and shape of
oscillations only slightly depended on temperature in
the range 650-750°C; however, a considerable depen-
dence of the period of oscillation on the mole fractions
of propane and oxygen in the reaction mixture was
observed (Fig. 4).

The observed self-oscillations were simple in shape:
intense relaxation-type oscillations with a weak quasi-
periodic structure occur in the half-periods of maxi-
mum activity (see Fig. 3). It is well known that the
shape analysis of self-oscillations provides an opportu-
nity to draw important conclusions on the mechanism
of reaction [4]. For example, the appearance of relax-
ation oscillations indicates that at least two metastable
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Fig. 3. Changes in the concentration of oxygen in the
course of the catalytic oxidation of propane on (a) nickel
foil and (b) nickel wire. The dimensions of the foil were
chosen so that the surface area corresponded to the surface
area of the wire. T, , = 700°C; the ratio between the partial

pressures of propane and oxygen at the reactor inlet was
P y/Po. =10.
358 2

states of the catalyst can exist in the system under the
same conditions (the temperature of the catalyst or the
reaction medium, the total pressure, and the partial
pressures of reactants). It is believed that, in the pres-
ence of oxygen in the reaction mixture, the catalyst sur-
face in one of these states is a nickel oxide. On the other
hand, because the reaction is performed in an excess of
propane, neither the reduction of nickel to the metal nor
the formation of nickel carbide can be excluded.

The controllable change of the state of a system by
varying external parameters is an informative method
for studying the mechanisms of chemical reactions.
Note that the system examined is characterized by peri-
odic passage through four critical points, at which the
behavior of the reaction changed considerably. In
Fig. 2, these points are marked by figures /—4. It was
found that, on changing external parameters at the
instant the system passed through these critical points,
different responses of the system could be detected.

The abrupt termination of the supply of reactants to
the system is one of these external actions. Figure 5
shows the kinetic curves of water and hydrogen release,
which were measured on stopping the supply of a pro-
pane—oxygen mixture at the instants the system passed
through points 3 and 4, respectively. Evidently, the
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Fig. 4. Dependence of the period of oscillation of the rate of
propane oxidation on nickel wire upon the mole fraction of
oxygen in the starting mixture. 7 , = 700°C.

release of a large amount of hydrogen and only a small
amount of water was observed when the supply of the
reactants was stopped at point 3 (Fig. 5a). However, to
the contrary, if the supply of the reactants was stopped
point 4 (Fig. 5b), a much smaller amount of hydrogen
and a much greater amount of water were released.
Based on these data, we can assume that the complete
oxidation products of propane accumulated on the sur-
face in the course of the half-periods of low catalytic
activity, which are time intervals between points 3 and 4.

The addition of reaction products to the reaction
mixture was the other version of an external action on
the system used in this study. We found that the addition
of water vapor to the reaction mixture considerably
changed the character of oscillations. Figure 6 demon-
strates the results of these experiments. Initially, a mix-
ture of C;Hg + O, + HyO in aratio of 10 : 1 : 6 was sup-
plied to the reactor; next, at the point = 1130 s in time,
which is marked with an arrow in Fig. 6, the supply of
water vapor was completely terminated, while the flows
of propane and oxygen remained unchanged. It can be
seen that the presence of water as a constituent of the
reaction mixture resulted in the consumption of water
simultaneously with the consumption of oxygen. If
only propane and oxygen were the constituents of reac-
tants, the consumption of oxygen coincided in time
with the formation of water (periods from 60 to 90 s and
from 180 to 210 s in Fig. 2). The addition of water also
increased the yield of hydrogen. In other words, in this
case, a water-gas shift reaction occurred in the system.
It is well known that this reaction is catalyzed by metals
in a reduced state [17]. Based on these data, we can con-
clude that nickel metal was present on the surface of the
catalyst during the half-periods of maximum activity.

The appearance of self-oscillations was preceded by
an induction period, during which the catalyst did not
exhibit noticeable activity in propane oxidation. Previ-
ously [13], it was found that the induction period for a
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(see Fig. 2), respectively. T, , = 700°C.

fresh sample was ~1.5 h. After activation, the catalyst
placed in the reaction atmosphere can initiate self-
oscillations without an induction period even after long
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Fig. 6. Changes in the character of oscillations of O,, H,,
and H,O concentrations at the reactor outlet in the presence

and in the absence of water vapor as a constituent of the
reactants. T, , = 700°C. The arrow indicates the point in
time at which the supply of water vapor was stopped.
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Fig. 5. Kinetic curves of release of (/) water and (2) hydrogen measured upon stopping the reaction at time points (a) 3 and (b) 4

storage in air. This is indicative of the formation of an
activated catalyst surface which is stable to the action of
air. This activated surface is responsible for the
observed instability of the steady states of the operating
catalyst.

The ex situ study of the structure and chemical com-
position of the near-surface layers of nickel catalysts
was performed using scanning electron microscopy
(SEM) and XPS. Figure 7 shows the micrographs of the
fresh nickel wire and the nickel wire activated in the
reaction of propane oxidation. It can be clearly seen in
these micrographs that the action of a reaction atmo-
sphere considerably changed the surface morphology,
resulting in the formation of porous structures with a
characteristic size of ~10 wm. This phenomenon—cat-
alytic corrosion—has been repeatedly observed earlier.
According to published data [18, 19], it may be respon-
sible for the appearance of rate oscillations in catalytic
reactions.

A comparative analysis of the chemical composition
of the near-surface regions of the fresh and activated
nickel foils was performed by XPS. In the latter case,
the sample was treated in a reaction mixture with
Pc y/Po,=10at700°C for 5.5 h; this sample exhibited
high activity in propane oxidation (Fig.2). Before
removal from the reactor, the catalyst was cooled to
room temperature immediately in the reaction mixture.
A decrease in the temperature always resulted in a tran-
sition of the catalyst to a low-activity state. Conse-
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Fig. 7. Electron micrographs of nickel wire (a) before and
(b) after reaction.

quently, it is believed that this state of the catalyst was
studied by photoelectron spectroscopy.

According to XPS data, nickel, oxygen, and carbon
were present in the near-surface region of the activated
nickel foil. Within the sensitivity of the technique, other
impurity elements were not detected. The Cls spectra
(Fig. 8) exhibited an intense peak at 285 eV and a num-
ber of weak lines in the region of high binding energies
(286.7 and 288.5 eV). The total absence of a character-
istic photoemission signal from the region 282-283 eV
suggests that nickel carbide was not formed on the cat-
alyst surface in the course of the reaction. The main Cls
line (E, = 285 eV) belongs to carbon as a constituent of
hydrocarbons [16]. Lines in the region of high binding
energies correspond to carbon atoms chemically bound
to one or more oxygen atoms. Thus, the line at 288.5 eV
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Fig. 8. C 1s XPS spectra obtained in the course of the layer-
by-layer surface analysis of activated nickel foil (/) before
and after ion etching for (2) 1 and (3) 5 min.

undoubtedly belongs to carbonate groups (—CO;) [20].
The dramatic decrease in the intensity of the Cls spec-
trum in the course of ion etching is indicative of the pre-
dominant surface localization of carbon fragments,
which accumulated on the surface of nickel in the
course of the reaction (Fig. 8).

Figure 9 demonstrates the Ni 2p spectra of the fresh
nickel foil and the nickel foil activated in the reaction of
propane oxidation. In an analysis of the spectra, it
should be taken into account that the spin—orbital inter-
action results in the splitting of the Ni 2p level into the
two sublevels Ni 2p;, and Ni 2p,,,. Correspondingly,
the Ni 2p spectrum is a doublet with a 2 : 1 ratio
between its integrated component intensities. The spec-
trum of the fresh foil exhibited two narrow lines at
852.8 and 870.0 eV, whose positions correspond to
nickel in a metal state (Fig. 9, spectrum 5). In this case,
weakly pronounced lines correspond to peaks due to
plasmon losses [16]. The spectrum of the activated foil
was more complicated in shape and corresponded to
nickel in the oxidation state Ni** (Fig. 9, spectrum /).
Indeed, in addition to the broad Ni 2p;, and Ni 2p,,,
lines at 854.5 and 872.5 eV, respectively, the spectrum
exhibited shake-up satellite lines at binding energies
6 eV higher than the main lines [16, 21-26]. Moreover,
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Fig. 9. Ni 2p XPS spectra obtained in the course of the
layer-by-layer surface analysis of activated nickel foil (1)
before and after ion etching for (2) 1, (3) 5, and (4) 20 min;
(5) the spectrum of the initial foil after ion etching for 5 min.

the shape of the main Ni 2p;, line and a pronounced
shoulder at 856 eV unambiguously indicate that a layer
of NiO was formed on the catalyst surface in the course
of activation. Other nickel compounds (Ni(OH),,
Ni,0;, etc.) exhibited greater binding energies and a
symmetric shape of the Ni 2p;, line [21-27].

In the course of the ion etching of the activated cat-
alyst surface, lines at 852.8 and 870.0 eV appeared in
the Ni 2p spectra. Undoubtedly, these lines belong to
nickel in a metal state (Fig. 9). According to published
data, the spin—orbital splitting (binding energy differ-
ence between the Ni 2p;, and Ni 2p, , levels) for nickel in
a metal state is 17.2 eV, whereas the corresponding value
for nickel as a constituent of NiO is 17.8 eV [22, 25]. Tak-
ing into account the rate of ion etching (1-2 nm/min)
and the depth of XPS analysis (2-3 nm), we can draw
the following conclusions: First, nickel foil activation
in the course of propane oxidation resulted in the for-
mation of an oxide layer with a considerable thickness
(no less than 100 nm). Second, metal nickel clusters
were present in the oxide matrix. The formation of this
specific structure of an active layer of the catalyst can
be explained as a consequence of catalytic corrosion.

GLADKY et al.

Indeed, under the action of a reaction atmosphere, the
oxidation and reduction of nickel simultaneously
occurred on the catalyst to result in the mass transfer of
nickel atoms and in a change in the morphology of the
surface (Fig. 7). In this case, the ion etching of a very
rough metal surface coated with an oxide film produces
the pattern observed in the XPS spectra: the simulta-
neous presence of both oxidized and reduced nickel
species.

DISCUSSION

The reasons for the appearance and the mechanism
of self-oscillations essentially depend on the particular
nature of the catalyst and on chemical reactions that
occur on the catalyst surface [1-7]. The following pos-
sible reasons for this phenomenon were described in
the literature: “buffer” steps in the interaction of inter-
mediates, autocatalytic transformations of surface
intermediates, changes in the activation energy in the
course of reaction because of changes in rate-limiting
steps, a thermokinetic mechanism for nonisothermal
reactions, a heterogeneous—homogeneous reaction
mechanism, possible changes in the phase state of the
catalyst surface, etc. In all of the above cases, nonlin-
earities appear in the kinetics of elementary steps of the
catalytic process, which are responsible for the appear-
ance of self-oscillations.

It is evident that the mechanism of self-oscillations
cannot be adequately described without mathematical
simulation of the kinetics of catalytic reactions. How-
ever, this simulation should be preceded by discrimina-
tion of the most probable schemes of intermediate
chemical reactions. An attempt of this discrimination
based on the experimental data is given below.

Previously, we hypothesized a heterogeneous—
homogeneous mechanism of the catalytic oxidation of
propane on nickel [13]. Indeed, this mechanism fre-
quently occurs in high-temperature oxidation reactions.
For example, it is believed that the oxidation of cyclo-
hexane on zeolites [28], as well as the oxidation of car-
bon monoxide on palladium [29] and vanadium cata-
lysts [30], occurs by the heterogeneous—homogeneous
mechanism. An analysis of the kinetic models of these
processes demonstrated that, indeed, either several sta-
ble steady states or a single unstable steady state can
exist in a heterogeneous—homogeneous system and,
consequently, oscillations can occur [28]. In this con-
text, it could be attempted to explain the observed oscil-
lations of the rate of propane oxidation on nickel in
terms of the heterogeneous—homogeneous mechanism.
However, subsequent experiments on the direct detec-
tion of free radicals in the self-oscillation mode of pro-
pane oxidation demonstrated that homogeneous reac-
tions play an insignificant role in the overall reaction of
propane oxidation [14]. The reaction examined mainly
occurs by a heterogeneous mechanism, and the role of
a gas phase is reduced to the synchronization of pro-
cesses on the catalyst surface.
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Nonisothermal chemical processes are often consid-
ered as the reason for the appearance of self-oscilla-
tions in exothermal heterogeneous reactions on sup-
ported metal catalysts [4]. In this case, it is usually
believed that the heat released in the course of reaction
on the active component of a catalyst results in local
surface overheating and the formation of mobile hot
spots with a high temperature gradient at their bound-
aries because of the low efficiency of heat dissipation
through the carrier [31-37]. For example, in an IR-ther-
mographic study of self-oscillations in the rate of CO
oxidation on a rhodium catalyst, the migration of a
high-activity zone over the catalyst surface and a peri-
odic change in the area of this zone were detected [35].

Propane oxidation is also a strongly exothermal
reaction. Therefore, the observed oscillations of the rate
of propane oxidation on nickel were accompanied by a
considerable (up to 100°C [13]) change in the catalyst
temperature. Because self-oscillations in our early
experiments were observed in propane oxidation on
nickel wire, it was hypothesized that the oscillations
were related to the formation of a hot spot at an end of
the wire followed by the migration of this spot to the
other end of the wire, and that this process determined
the period of oscillation [13]. For example, the migra-
tion of hot spots of this kind was found in the oxidation
of ammonia on platinum wire [31, 32]. However, the
results of this work demonstrate that the character of
oscillations of the rate of propane oxidation on nickel
only slightly depends on both the shape and the geo-
metric size of the catalyst (see Fig. 3). In this case, the
period and shape of self-oscillations exhibit a simple
and regular, that is, nonchaotic, form. Consequently,
self-oscillations in the test process were not related to
the formation of surface waves or other spatial struc-
tures with characteristic sizes that are comparable to the
linear dimensions of the catalyst in use.

The mechanism based on catalytic corrosion occu-
pies a special place in the series of nonisothermal mod-
els for self-oscillation reactions [18]. It is well known
that a surface reconstruction of metal catalysts with the
formation of a rough structure can occur under expo-
sure to a reaction atmosphere (Fig. 7). According to
Jensen and Ray [18], a catalytic process occurs on the
surface of these formations and is accompanied by
local temperature fluctuations. The mathematical
model developed by Jensen and Ray [18] adequately
describes the dynamics of complex oscillations in the
reactions of butane and cyclohexane oxidation. How-
ever, it is our opinion that this model is suitable for
describing only chaotic oscillations. This model is
hardly applicable to the description of periodic oscilla-
tions with a long period, which occur in the case of pro-
pane oxidation on nickel (Fig. 2). Therefore, additional
experiments should be performed in order to draw a
conclusion on the role of temperature changes in the
mechanism of self-oscillations in the catalytic propane
oxidation on nickel. However, experimental data on the
response of the system to the removal of a gas phase
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(Fig. 4) demonstrate that changes in the chemical com-
position of the surface should be primarily taken into
consideration.

The appearance of self-oscillations due to periodic
transitions of a system between two main states with
different surface compositions has been repeatedly dis-
cussed in the literature. For example, a “phase transi-
tion” mechanism was proposed [2, 5] to describe the
self-oscillation of the rate of CO oxidation on the
Pt(100) face. This mechanism is based on a relationship
between the self-oscillation of the rate and the revers-
ible phase transition (surface reconstruction) hex
1 x 1. To explain the self-oscillations of the rate of the
above reaction on the Pt(110) surface, similar mecha-
nisms were proposed, which are also based on surface
morphology changes in the course of the reaction: the
(2 X 1) < (1 x 1) reconstruction and surface micro-
faceting [38—40]. The nature of morphological changes
in the surface of metal microcrystallites under exposure
to a reaction atmosphere has been considered theoreti-
cally in detail by Zhdanow and coworkers [7, 41-43].
In this case, the reconstruction of a metal surface
induced by the chemisorption of reactants is a rate-lim-
iting step in rate self-oscillations. It is believed that the
synchronization of self-oscillations that appear in dif-
ferent regions of the active surface is due to the surface
diffusion of adsorbed species.

However, the “reconstructive” mechanisms of the
appearance of self-oscillations in a pure form can occur
only under high-vacuum conditions at moderate tem-
peratures, when the action of a reaction atmosphere on
the catalyst does not cause considerable changes in the
chemical composition of an active component. Indeed,
even at pressures of about 1 Torr, the possibility of
metal — oxide and metal — carbide transitions, as
well as slow processes of the diffusion of fragments of
the initial reactants into the bulk of the catalyst, should
be taken into account. This can result in changes in the
heats of adsorption of the reactants and reaction inter-
mediates depending on substance concentrations in the
near-surface layer. Indeed, redox reaction mechanisms
have been successfully used in the past few years for
describing self-oscillations observed in various hetero-
geneous oxidation reactions [6, 44-52]. For example, a
self-oscillation model based on the transition of oxygen
atoms from a chemisorbed state to a state dissolved in
the near-surface region has been used on order to
describe CO oxidation on Pt(110) and Pd(110) [44-46].
In this case, maximum and minimum rates of the oxi-
dation reaction in a self-oscillation cycle were related
to the presence of highly reactive chemisorbed oxygen
on the metal surface and the absorption of oxygen in the
bulk of the active component, respectively.

The experimental data obtained in this work allowed
us to assume that the redox mechanism of oscillations
occurred in the oxidation of propane on nickel. Proba-
bly, during the half-period of oscillations when the rate
of oxidation was maximal, surface nickel existed in a
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metal state, as evidenced by the occurrence of the
water-gas shift reaction (Fig. 6). In this case, the intense
oxidation of propane with the participation of chemi-
sorbed oxygen occurred on the metal surface with the
formation of both partial oxidation products (CO, H,)
and complete oxidation products (CO,, H,0O) (Fig. 2).
Chemisorbed oxygen, on the one hand, participated in
propane oxidation and, on the other hand, diffused into
the bulk of the metal to form a surface phase of NiO.
The presence of this nickel oxide was detected by XPS
in the postreaction analysis of the surface layers of acti-
vated nickel foil (Fig. 9). In turn, the oxidized state of
the nickel surface decreased the rate of formation of
chemisorbed oxygen. Correspondingly, this decreased
the rate of propane oxidation: the catalyst changed to an
inactive state. As this took place, the products of com-
plete propane oxidation were accumulated on the cata-
lyst surface (Fig. 8).

Although the above qualitative model of surface
processes accompanying the appearance of self-oscilla-
tions in the test system principally explains the experi-
mental data, the real reason for the appearance of oscil-
lations calls for further investigation. In particular, the
reason for the stepwise “trigger” transition of a catalyst
surface from a high-activity state to a low-activity state
remains unclear. The mechanism of synchronization
between various regions of the catalyst surface is
unclear; this synchronization can occur both through a
gas phase (for example, by heat and mass transfer) and
by oxygen diffusion in the near-surface layers of the
catalyst. Evidently, additional studies with the use of
methods for monitoring changes in the chemical com-
position of surfaces immediately in the course of reac-
tion are required for detailing the mechanism of pro-
pane oxidation on nickel.

The results of this study suggest that the observed
relaxation oscillations of the rate of propane oxidation
on nickel were accompanied by the periodic oxida-
tion/reduction of the catalyst surface (Ni <—= NiO). In
this case, the high-activity phase was characterized by
the presence of nickel metal clusters on the catalyst sur-
face, whereas the low-activity phase was characterized
by the presence of surface nickel(Il) oxide.
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