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Abstract—The mechanism of catalytic CO oxidation on Pt(100) and Pd(110) single-crystal surfaces and on
Pt and Pd sharp tip (~103A) surfaces has been studied experimentally by temperature-programmed reaction,
temperature desorption spectroscopy, field electron microscopy, and molecular beam techniques. Using the
density functional theory the equilibrium states and stretching vibrations of oxygen atoms adsorbed on the
Pt(100) surface have been calculated. The character of the mixed adsorption layer was established by high res-
olution electron energy loss spectroscopy—molecular adsorption (O,,4., CO,q4,) on Pt(100)-Aex and disso-
ciative adsorption (O,g4,, CO,4) on Pt(100)-(1 x 1). The origin of kinetic self-oscillations for the isothermal
oxidation of CO in situ was studied in detail on the Pt and Pd tips by field electron microscopy. The initiating
role of the reversible phase transition (hex) <— (1 x 1) of the Pt(100) nanoplane in the generation of regular
chemical waves was established. The origination of self-oscillations and waves on the Pt(100) nanoplane was
shown to be caused by the spontaneous periodical transition of the metal from the low-active state (hex) to
the highly active catalytic state (1 x 1). A relationship between the reactivity of oxygen atoms (O,4,) and the
concentration of CO, 4 molecules was revealed for the Pd(110) surface. Studies using the isotope label 80,4
demonstrated that the low-temperature formation of CO, at 150 K is a result of the reaction of CO with the
highly reactive state of atomic oxygen (O,4). The possibility of the low-temperature oxidation of CO via
interaction with the so-called “hot” oxygen atoms (Oy,;) appearing on the surface at the instant of dissocia-

tion of O,,4, molecules was studied by the molecular beam techniques.

DOI: 10.1134/50023158410060133

Investigation of the reactivity of adsorbed oxygen
states was considered by Zamaraev [1] as a necessary
step in establishing the mechanism of oxidative catal-
ysis on metals. Present-day studies on the platinum
metals show that even the simplest model reaction
CO + O, described by the classical Langmuir—Hin-
shelwood mechanism, in which CO, molecules are
synthesized from adsorbed oxygen atoms (O,q4) and
molecules (CO,y,), is accompanied by the nonequilib-
rium energy distribution among the reaction products
[2], anisotropy of the desorption of CO, molecules
from the metal surface [2], the appearance of self-
oscillations, and the formation of traveling chemical
waves [3, 4]. In recent years, considerable attention
has been focused on the reactivity of so-called “hot”
oxygen atoms formed on the surface at the instant of
dissociation of adsorbed molecules O,,4 [5]. It is
assumed that the key role in the low-temperature CO
oxidation on platinum metals is played by excited oxy-
gen atoms (O;) [6]. The proposed mechanism is
based on the experimental observation of a single peak
of CO, at T~ 320 K in the reaction of oxygen atoms
with CO (O,4 + CO,4, — CO,) on the Pt(111) sur-
face under temperature-programmed reaction (TPR)

conditions, whereas in the reaction of CO,4 with Oy,
atoms (O, + CO,4 — CO,) an additional low-tem-
perature peak was observed at 7~ 150 K [7]. Our study
of the mechanism for the reaction O,y + CO,y, —
CO, on the Pt(410) surface by the TPR and isotope
label ('*0,) methods showed the possibility of low-
temperature CO oxidation proceeding at 7~ 150 K via
another route, specifically, the CO,4 layer causes a
decrease in the apparent activation energy (E,) of the
reaction due to changes in the type of coordination
and the energy of binding of the adsorbed oxygen
atoms to the surface [8].

The great interest in self-oscillatory phenomena
over metal surfaces is largely caused by the possibility
of performing the catalytic processes more efficiently
using unsteady-state operation. In the oscillating
regime, the reaction medium periodically affects the
catalytic properties of metal surfaces [1, 9]. Different
mechanisms of the appearance of self-oscillations and
waves were discovered and studied. These are a period-
ical change in the structure of active sites during the
phase transition (CO + O,/Pt(100): (hex) — (1 x 1)),
the modification of the surface via the formation of a
subsurface oxygen layer (CO + O,/Pd(110)) that were
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found on Pt(100), Pt(110), Pd(110) single crystals |3,
4]. The use of spatially resolved (~1 um) photoemis-
sion electron microscopy made it then possible to dis-
cover the formation of traveling waves on the Pt and Pd
single crystal surfaces [3, 4]. Unlike single crystals, the
metal/support catalysts usually consist of nano-sized
metal particles on which different crystallographic
nanoplane structures are exposed. Passing to the
nanolevel was performed for the first time in our stud-
ies by field electron microscopy (FEM) and field ion
microscopy (FIM) with a spatial resolution of ~5—
20 A. Sharp monocrystalline Pt tips with sizes of
~10% A were used as samples in these studies. In CO
and H, oxidation, we observed in situ the formation of
regular traveling waves initiated by the reversible phase
transition (hex) — (1 x 1) of the Pt(100) nanoplane
[9—12].

This brief review includes some results obtained by
methods of TPR, FEM, temperature desorption spec-
troscopy (TDS), high resolution electron energy loss
spectroscopy (HREELS), molecular beam (MB), and
isotope label ('*0,). The main attention in our studies
was given to determination of the reactivity of the
molecular and dissociated oxygen species adsorbed on
the Pt(100) and Pd(110) single crystals in the low-
temperature formation of CO, molecules and to inves-
tigation of the mechanism of origination of self-oscil-
lations and chemical waves in CO oxidation in situ on
the nanoplanes of sharp Pt and Pd tips. Using the
techniques of density functional theory (DFT), the
equilibrium states and stretching vibrations of oxygen
atoms, adsorbed on the Pt(100) have been calculated
depending on the surrounding of the metal atoms.

EXPERIMENTAL

Experimental studies by the HREELS, TPR, and
molecular beam methods were carried out in the vac-
uum chamber of a VG ADES 400 electron spectrome-
ter (P, <5 x 107! mbar). The energy loss spectra with
a resolution of ~70—90 cm~' (9—11 meV) were
obtained in the electron beam specular reflection
mode at an electron kinetic energy of ~2.5 eV and an
incident angle of ~45° with respect to the surface nor-
mal. HREELS peak intensities in the electron energy
loss spectra were determined relative to the intensity of
the elastically reflected peak. TPR spectra were
recorded on a VG QXK 400 quadrupole mass at a lin-
ear heating rate of 3—10 deg/s with simultaneous
detection of ten different masses. The clean surface of
the single crystals was obtained by bombardment with
Ar" ions followed by annealing in oxygen and in a vac-
uum up to 1200 K. The cleanness of the surface was
monitored as the appearance of the diffraction pattern
(1 x 1) for the single crystals Pd(110) and Pt(100)-(1 x
1) and (5 x 20) for the reconstructed surface of
Pt(100)-hex. The temperature was measured with a
chromel—alumel thermocouple spot-welded to the
side surface of the single crystal. The gases CO and O,
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and the oxygen isotope 80, of spectral purity were
used in experiments. The experimental procedure was
described earlier [13]. Gas injection into the chamber
as a collimated molecular beam was controlled by
using a capillary array dozer [14],which made it possi-
ble to create a high local pressure on the single crystal
surface. FEM studies were carried out using a separate
ultrahigh-vacuum setup (P..< 107! mbar) under flow
reactor conditions with visual observation of the tip
(Pt, Pd) surface in situ. The pressure of the reaction
medium was maintained at ~5 x 10~* mbar and was
monitored with a quadrupole mass spectrometer. The
preparation of sharp tips and cleaning of the surface by
“field desorption,” as well as other experiments were
described in detail elsewhere [15, 16].

RESULTS AND DISCUSSION
Steady-State Reaction

CO oxidation under steady state conditions over
palladium proceeds via a Langmuir—Hinshelwood
reaction and consists of the following elementary
steps:

1. CO+ * ~— CO,y,,
2. 02+ 2% — 2 Oads’
3. COadS+ Oads — C02 + 2*,

where * is an adsorption site. This mechanism is pres-
ently a subject of wide fundamental research, espe-
cially in the region of low temperatures. The rate of
CO oxidation on the Pd(110) single crystal was mea-
sured under steady-state conditions in the tempera-
ture range from 180 to 850 K using the molecular
beam techniques (Fig. 1a). At the instant of admission
(#y = 0) of the CO + O, mixture as a beam with an
intensity of 0.03 ML/s (1 ML = 1 monolayer =9.4 x
10'* molecules/cm?) onto the clean surface of the
metal, CO, molecules initially form “jumpwise,” and
this is followed by the steady-state occurrence of the
reaction, which is established within a temperature-
dependent period ¢. In the low-temperature region 7 ~
180—350 K, a slow initial increase in the rate of CO,
formation (solid curve) is observed. The maximum
value is reached after # ~ 20—50 s, and then the rate
decreases and the steady state is reached at # ~ 130 s.
The character of CO, formation changes sharply at
medium temperatures 7'~ 420—550 K: at the moment
1y, the intensity of the CO, signal grows stepwise and
the steady state is reached simultaneously. The initial
rate of formation of CO, molecules decreases in the
high-temperature region 7' > 550 K. The initial and
steady-state rates of formation of CO, molecules at
different temperatures are compared in Fig. 1b. It can
be seen that the admission of the CO + O, molecular
beam onto the clean metal surface is characterized by
the formation of CO, molecules as two maxima: at 7'~
230 and ~450 K (solid curve). The steady-state occur-
rence of the reaction (dashed line) is characterized by
one maximum at 7 ~ 390 K. It is likely that the
KINETICS AND CATALYSIS  Vol. 51
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Fig. 1. (a) Time evolution of the rate of CO, formation during the impingement (shown by arrows) of a (C]6O + '602) molecular
beam of intensity ~0.03 ML/s onto the Pd(110) clean surface. (b) Comparison of the temperature dependences of the initial (0 s)

and steady-state rate (130 s) of CO, formation.

absence of the low-temperature maximum (230 K)
during the steady-state reaction rate is due to the spe-
cific composition of the adsorption layer (0.0/00
ratio), which contains a high concentration of CO,,
molecules.

Low-Temperature Oxidation of CO
on the Pd(110) Surface

At present, the possibility of the low-temperature
formation of CO, on Pd and Pt via the following two
independent routes is discussed in the literature: reac-
tion of CO,4 with “hot” oxygen atoms resulting from
the dissociation of O,,4 molecules (R;), and reaction
of CO,q4 with weakly bound, high-reactivity atomic
oxygen formed from the strongly bound O, species as
affected by the CO,q4 layer (R,) [5—8]. The molecular
beam and 30, label methods were used to study the
relationship between the low-temperature formation
of CO, molecules and the reactivity of the different
adsorbed oxygen species on the Pd(110) surface,
namely, “hot” ('°0O,.,) and atomic ('*0,,) oxygen.
The schemes of the CO, formation routes are shown in
Fig. 2a, one involving “hot” oxygen atoms ('°O,,)
formed at the instant of dissociation of '°O,,,, mole-
cules, and the other involving preadsorbed oxygen
atoms ('30,,).

Since E,.(R,) < E,(R,), according to the scheme
presented, the formation of “hot” '°Q,,,, atoms upon
the dissociation of '®0'°O molecules should be accom-
panied by a stepwise change in the intensity of the for-
mation of C'®*0'*O molecules when a mixture of the
reactants C'°0O + '°0, impinges onto palladium sur-
face precovered with a 80, layer at the instant of
molecular beam opening. (The C'°O + '°O, mixture is
impinged directly onto the 30,4, /Pd(110) surface as a
2010
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collimated molecular beam with the simultaneous
detection of the reaction products—C!®0*0Q and
C160180.)

The experimental procedure includes two succes-
sive stages. At the first stage (to create the isotope
label, 0('%0,4)), '*0O, oxygen was preadsorbed on the
Pd(110) surface at 140 K at an exposure of ~0.8 L
(1 L=1.3 x 10~® mbars), which was followed by heat-
ing to ~300 K. This was accompanied by surface
reconstruction from the structure (1 x 1) to the struc-
ture (1 x 2). Isolated “islands” of 80,4 corresponding
to the coverages 6, ~ 0.5 ML form on the surface
under these conditions (Fig. 2b). At the second stage,
the reaction mixture with the light oxygen isotope
(C'°0 + %0, (2 : 3)) was impinged onto the surface as
a molecular beam with an intensity of 0.03 ML/s. The
rates of C'°0Q'°0 formation (R;) and C'*0'¥0O forma-
tion (R,) were simultaneously recorded at the instant
of beam opening.

The experimental data on the rate of formation of
molecules C'°0'°O and C'°0'30 upon the admission
of the molecular beam (C'*O + '°0,) onto the
130,4/Pd(110) surface are shown in Fig. 2c. The reac-
tion rate was measured at 7'= 300 K. The upper spec-
trum corresponds to the reaction 80,4, + C'°0,4, —=
C'%0'80,,,, and the lower spectrum corresponds to the

reaction '°0, 4 + C'60,4 —= C'®0'€0,,. It can be seen
that CO oxidation at 300 K proceeds only via the sec-
ond route, involving the atomic state of 0,4, without
a noticeable participation of the first route, whereby
C'°0'%0 molecules would be formed. These results led
us to the following conclusions: (1) at 300 K the pread-
sorbed '¥0,, atoms are highly reactive (0, -+
CO,4s — CO,); (2) no direct evidence was obtained

for the formation of “hot” oxygen atoms capable of
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Fig. 2. (a) Reaction routes (R, R,) for the formation of CO, molecules involving (R;) the “hot” oxygen atoms 16Ohot (black-

ened) formed at the instant of dissociation of 16023015 molecules and (R,) the preadsorbed layer of the 18OadS oxygen isotope;
(b) state of the surface after C'%0 + 1602 impinging on Pd(110) with the isolated O,y “islands” (for details, see text); (c) forma-
tion rate of CO, (C160160 and C160180) upon impinging the reaction mixture (Cl60 + 1602) in the molecular beam regime on
a Pd(110) surface precovered with 1803ds (0 ~ 0.5 ML). The intensity of the beam (CO + O,) is 0.03 ML/s; 7= 300 K. The

upper spectrum refers to the reaction 18OadS + C16OadS — C'%0'%0, and the lower spectrum corresponds to the reaction

180,45 + C'60,4, — C'%0'0.

oxidizing CO ('¢O,, + CO,4 — CO,) according to
the reaction scheme presented in Fig. 2a.

The strong effect of the CO,4 layer on the reactivity
of oxygen atoms (O,,) was studied by the TPR
method. The TPR spectra characterizing the rate of
CO, formation in the reaction CO,4 + O,4 on the
Pd(110) surface at different concentrations of CO,4
molecules are shown in Fig. 3. The procedure of prep-
aration of a coadsorption layer from oxygen atoms
(0,4s) and CO,4, molecules includes oxygen adsorp-
tion at 120 K (0.3 L) followed by heating in a vacuum
to 200 K in order to remove O,,,, molecules. After
cooling to 120 K, CO was adsorbed on the surface. For
surface coverages of 6, ~ 0.25 ML and 0., ~ 0.2 ML
(5 L CO), heating (3 K/s) of the mixed layer of O,
atoms and CO,,, molecules in the 7 range from ~120
to 600 K is accompanied by the appearance of two CO,
peaks at 350 and 410 K. For high coverages of O.g ~
1 ML (30 L CO, 6, = const ~ 0.25 ML), the reaction
is shifted to the low-temperature region (7 < 300 K)
and is characterized by the intensive formation of CO,
molecules between 150 and 280 K.

The results obtained indicate the high reactivity of
0,4, atoms in the low-temperature region from 150 to
200 K. It is likely that the high local concentration of

CO,4, molecules in the mixed layer (CO, 4, + O,4,) pro-
motes the transition of oxygen atoms from the strongly
bound threefold hollow site state (Pd;—O,4) to the
twofold bridge state (Pd,—O,4) with a lower bond
energy, which explains the observed increase in the
reactivity of the O,y atoms and is consistent with the
theoretical calculations [8, 17].

Low-Temperature CO Oxidation on the Pt(100) Surface

The “phase transition” model based on the interre-
lation between the CO oxidation rate self-oscillations
and the reversible phase transition sex — (1 x 1) of
the Pt(100) single crystal surface was suggested by Ertl
[3, 4]. It was shown by FEM that the Pt(100) nano-
plane under self-oscillation conditions is reversibly
transformed into different structures, namely, the low-
activity surface phase (hex) and high-activity surface
phase (1 x 1) [18]. Figure 4a presents the model of the
upper layer of the Pt(100) surface with the (kex) struc-
ture, which is 20% denser than the upper layer of the
unreconstructed Pt(100)-(1 x 1) surface. At 300 K,
CO adsorption on (kex) is accompanied by the back-
ward reconstruction of the Pt(100) surface yielding
CO, . islands. The phase transition (hex) — (1 x 1)
induced by CO adsorption generates structural atomic
No. 6
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Fig. 3. TPR spectra for the reaction CO,4s + O,4s in the

coadsorption layer on the Pd(110) surface at different
exposures to CO (5—30 L) at O = const ~ 0.25 ML; T4 =

120 K; heating rate of 3 K/s.

cluster—type defects in the islands by ejecting the plat-
inum atoms to the upper layer (Fig. 4c). The low activ-
ity of the (hex) phase in CO oxidation is due to the low
sticking coefficient: S,(O,) ~ 1073. The high activity of
the (1 x 1) phase is due to both the high §,(0O,) value

(~1071) and the formation of the reactive oxygen spe-

877

cies O,y on defects of the (100) surface during the
(hex) — (1 x 1) transition.

The reactivities of the intermediates in the coad-
sorption layer (O,4, Osags» CO,qs) On the (hex) and
(1 x 1) surface structures are compared in Figs. 4
and 5. According to HREELS data, the adsorption of
0O, (30 L) on Pt(100)-Aex at 90 K results in the forma-

tion of the molecular peroxide species O Wwith
stretching vibration frequencies of v(O—0) = 940 and
v(Pt—0,) = 380 cm™! (Fig. 4a). Heating of the O,,4
layer in the 7'~ 90—250 K range induces oxygen des-
orption into the gas phase at T, ~ 150 K (Fig. 4b).
The reactivity of the molecular species (05,45, CO,qs)
was studied in the mixed adsorption layer, which at the
initial stage (CO adsorption, 300 K, 1 L) consisted of
isolated CO, ,, islands. The latter are presented as a
model in Fig. 4c. The subsequent adsorption of O, at
90 K (10 L) on the free (hex) phase of Pt(100) results

in the formation of the peroxide species oi;ds [19]. The
temperature-programmed desorption spectra of CO,,
CO, and O, from the mixed layer of CO,, ; and O,
are shown in Fig. 4c. Between 90 and 700 K, desorp-
tion occurs only from the molecularly adsorbed states
of oxygen (T, ~ 140 K) and carbon oxide (T, ~
510 K). Probably, the absence of the evolution of CO,
molecules is a consequence of the following factors:
the catalytic activity of the Pt(100)-Aex surface is low
and the CO,y, + O,,4 reaction (molecular mecha-
nism) cannot occur at low temperatures. It is likely
that the layer of CO,,, molecules both inside the
(1 x1) islands and on structural defects along the
perimeter of the islands is characterized by a large 0
value (0.5 ML) [13], which rules out the presence of

(a) (b) ©
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Fig. 4. (a) HREELS, (b) TDS, and (c) TPR spectra for the Pt(100)—hex surface: (a) electron energy loss spectrum after O,
adsorption (30 L) at 90 K, (b) desorption spectrum of the O,, 4 layer, and (c) desorption spectra of CO, O,, and CO, during heat-
ing of the mixed adsorption layer of O,,4s and CO,4,, obtained by the sequential adsorption of CO (300 K, 1 L, COy , ; islands)

and O, (90 K, 10 L); heating rate of 10 K/s.
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Fig. 5. (a) HREELS, (b) TDS, and (c) TPR spectra for the Pt(100)-(1 x 1) surface: (a) electron energy loss spectrum after O,
adsorption (30 L) at 90 K, (b) desorption spectrum of the O,, 45 + O,q4s layer, and (c) desorption spectra of CO, O,, and CO, dur-
ing heating of the mixed adsorption layer of O,,4s + O,4s + CO,4s, Obtained by the sequential adsorption of O, (90 K, 30 L) and

CO (90 K, 10 L); heating rate of 10 K/s.

free sites necessary for the dissociation of molecular
oxygen.

At 90 K (30 L), the clean unreconstructed surface
Pt(100)-(1 x 1) prepared according to a known proce-
dure [20] adsorbs oxygen as the molecular peroxide

species O%a_ds with stretching frequencies of v(O—0) =
940 and v(Pt—0,) = 380 cm™! (Fig. 5a). The dissocia-
tive adsorption of O, is simultaneously observed,
which yields a layer of atomic oxygen characterized by
a vibration frequency of v(Pt—0) = 500 cm~'. The
desorption spectrum presented in Fig. 5b contains the
low-temperature peak (140 K) of the molecular state
of oxygen and a high-temperature peak (720 K),
which is a result of the recombination of adsorbed oxy-
gen atoms. The desorption spectra of CO,, CO, and O,
from the mixed adsorption layer (CO,q4s + O,qs + Onaqs)
are shown in Fig. 5c. The desorption of dioxygen at
140 K in the CO,4 + O,,4 reaction indicates the
absence of the molecular mechanism of CO, forma-
tion on the unreconstructed surface (1 x 1). However,
the low-temperature formation of CO, molecules
observed as four desorption peaks at 150, 200, 290, and
330 K in the CO,4 + O,4 reaction shows the high cat-

Coordination modes, equilibrium distances (#;) from the
surface, and vibrational frequencies (v,) of the O, atoms
on the Pt(100)-(1 x 1) surface at 6 = 1 ML, calculated by
the DFT technique

1

Coordination mode ro, A v, cm”
On—top 1.80 750
Bridge 1.33 650
Hollow 0.85 380

alytic activity of the Pt(100) surface with the (1 x 1)
structure.

DFT Calculations

Using the DFT technique, the equilibrium dis-
tances (7,) and stretching frequencies (v) of O,4 atoms
(0o = 1 ML) adsorbed on the Pt(100) surface have
been calculated depending on the surrounding of the
metal atoms at the active site. We have employed a
three-layer slab [16] for simulation of the Pt(100)-
(1 x 1) surface. Adsorbed oxygen atoms can occupy
the following three states: fourfold hollow site, two-
fold bridge site, and on-top. The calculations were
performed using the ADF2003—BAND and
ESPRESSO-3.1 programs.

The calculated equilibrium distances and stretch-
ing frequencies of oxygen at 6, = 1 ML (table) suggest
that the position of the oxygen atom in the bridge
structure is more favorable than its position in the on-
top or hollow structure.

The experimental and theoretical data concerning
the possibility of dissociation of O, molecules on the
(hex) and (1 x 1) phases, the character of the low-tem-
perature oxidation of CO,4, molecules on (1 x 1), the
coordination number of oxygen atoms on (1 x 1), and
the effect of the CO,4 layer on the reactivity of the O,y
atoms make it possible to chemically substantiate the
mechanism of wave phenomena in the CO + O, reac-
tion on the Pt(100) surface based on the reversible
phase transition Pt(100)-(kex) < (1 x 1).
No. 6
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Fig. 6. (a) A schematic representation of the magnification process in the field electron microscope; (b) a field electron image of
the Pt tip surface with a radius of ~700 A and orientation [100]: Veem =—2.5kV, F=0.3 V/A; (c) field electron image of the same

surface of the Pt tip with an O,y layer (dark spot) adsorbed on the (100) nanoplane surface obtained in situ under conditions of

traveling wave formation in the reaction CO + O,: T=450K, P(O,) =1.5x 1074 mbar, P(CO) =1x 1072 mbar; (d) CO;r inten-
sity on the CO,4¢-side, O,4s-side of the reaction layers, and on the reaction zone measured in situ by the “atomic probe” method
with a field ion microscope using the ionization of desorbed molecules (CO,) to the gas phase in the field F ~ 2 V/A. The model
reflects the character of reaction wave propagation and the intensity of CO, formation depending on the adsorption layer struc-
ture. A sharp wave front of the reaction zone crossing the “atomic probe” hole with a rate of ~100 ms [16, 20].

Platinum: Self-Oscillations and Waves

The field electron microscopy is based on the tun-
neling of electrons into vacuum from the surface of a
sharp Pt tip (~10% A) under the applied negative elec-
tric field (F = 0.3 V/A). Emitted electrons accelerate
from the tip surface (Fig. 6a) toward a detector con-
sisting of a high-sensitive microchannel plate and a
fluorescent screen [18]. The image is recorded with a
CCD camera recorder. The FEM image of the tip sur-
face magnified 3 x 10° times, with a resolution of
~20 A, appears on the microscope display (Fig. 6b).
The FEM image of platinum shows that the hemi-
spherical surface of the sharp tip contains a set of nan-
oplanes with different crystallographic structures:
densest (111), (110), and (100); stepped (331); rough
(210) and (310), similar in structure and topography to
the surface of supported metal nanoparticles. There-
fore, sharp tips can be considered as model systems for
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solving the “structure gap” problem in the study of the
nature of active sites in supported catalysts. The ste-
reographic projection of the nanoplanes on the Pt tip
surface is shown in Fig. 6b. The studies showed that
the electric fields used in the FEM method exert no
noticeable effect on the reactions involving O, and CO
molecules, in agreement with earlier data [21].

The interpretation of the emission images for CO
oxidation is based on the difference between the work
functions of the adsorbed species in the layer: O,
atoms, Ap = 1.2 eV, CO,y4, molecules, Ap = 0.7 eV.
According to the Fowler—Nordheim equation, the
large value of the work function (A@) induces a sharp
decrease in the emission of electrons from the oxygen
layer: contrast dark regions corresponding to the O,
layer appear in the emission images [11]. The sharp
decrease in the work function by ~0.4 eV observed in
CO oxidation (8, — 0¢p) is accompanied by an
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Fig. 7. (a) Kinetic phase diagram of CO oxidation on the Pt(100) nanoplane at 340 K obtained from the conditions of traveling
wave formation; (b) the character of origination and periodical change in the electric current from the Pt tip under conditions of
self-oscillations of the CO oxidation rate upon the exchange of the adsorption coatings O, 4 and CO, 4, with the period of local

oscillations = 8 s; 7= 365 K, P(O,) = 5 x 104 mbar, P(CO) =8 x 107 mbar, F=0.4 V/A.

increase in electron emission with the appearance of
light regions in the image corresponding to the CO,,
layer [11]. Figure 6¢ shows the image of the tip surface
with an O,y island on the (100) nanoplane (dark spot)
obtained in situ under conditions of traveling wave for-
mation in the CO + O, reaction (7' =450 K, P(O,) =
1.5 x 10~*mbar, P(CO) = 1 x 1073 mbar) [18]. A char-
acteristic feature of the reaction is the formation of a
wave with a sharp boundary between separate CO,g4
and O,y layers. The interaction of CO with oxygen
occurs in the narrow reaction zone (~40 A) presented
in Fig. 6¢ as a thin light strip along the boundary of the

0, island. The profile of the rate of CO, (CO, ) for-
mation during wave front propagation in the reaction
zone is shown in Fig. 6d. The measurements were
taken by field ion mass spectrometry from several
metal atoms when the front of the O,y wave crossed
the hole of an atom-probe [22]. For the reaction con-
ditions (7= 450 K, P(O,) = 1.5 x 10~* mbar, P(CO) =
1 x 10~ mbar), the yield of CO, molecules (CO§

ions) has shown a maximum intensity in the reaction
Zone.

The results of the mass spectrometric measurement
of the reaction rate profile indicate a high catalytic
activity of platinum in CO, formation for the O,y
layer. On the contrary, the platinum surface with the
adsorbed CO, 4 layer is inactive due to the blocking of
free sites necessary for the dissociative adsorption
of O,.

The kinetic phase diagram with a narrow interval of
stable self-oscillations at 7= 340 K is presented in
Fig. 7a. Region A (at P(O,) > P(CO)) corresponds to
the high activity of platinum with the adsorbed oxygen
layer (O,4,). Region B corresponds to the low activity
of the platinum surface covered by the CO,q layer

(P(O,) ~ P(CO)). The catalytically active zone A
(0,4s) and low-active zone B (CO,y,) are separated by
a line. At the critical point, at which P(O,) = 8 x
10~® mbar and P(CO) = 7 x 10~7 mbar, the line bifur-
cates to form a region of stable self-oscillations, which
coincides well with that for an extended Pt(100) single
crystal surface, obtained at a much higher temperature
T=450 K [23].

The character of isothermal self-oscillations in CO
oxidation on the Pt(100) nanoplane was studied in
detail at 7= 365 K and reactant partial pressures of
P(0,) =5 x 104 mbar and P(CO) = 8 x 107® mbar.
The origination of stable self-oscillations of electron
current, which arise from O,y < CO,4 changes in
the surface coverage with 7 =~ 80 s periodicity, and the
origination of rapid local self-oscillations with 7 ~ 8 s
on the (100) nanoplane are illustrated in Fig. 7b. The
FEM images presented in Figs. 8a—8f characterize
different stages of the self-oscillation cycle (= 8 s) of
the CO + O, reaction:

(a) at r=0, an O, layer (dark region) is present on
the (100), (310), (210), and (110) nanoplanes and a
CO,4 layer (light region) covers another part of the tip
surface formed by the (111), (112), and (113) nano-
planes;

(b) at r = 2 s, the (113) and (310) nanoplanes are
covered by a CO,4 layer (light region), whereas an iso-
lated island of O,y (dark spot at the center of the
image) is formed on the unreconstructed nanoplane
Pt(100)-(1 x 1);

(c) at £ = 4.1 s, the very fast “clean-off” CO,q +
0,4 reaction occurs, resulting in the removal of the
oxygen layer; at this reaction stage, the unstable sur-
face (1 x 1) undergoes phase transition to the stable
(hex) phase, whose clean surface is characterized by a
high electron emission intensity (white spot: (kex));
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Fig. 8. Sequence of FEM images upon the origination and propagation of regular waves on the Pt(100) nanoplane under condi-
tions of self-oscillations of CO oxidation on the Pt tip (7'= 365 K, P(O,) =5 x 10~* mbar and P(CO) =8 x 10-° mbar, F=
0.4 V/A). Stereographic projections of the Pt tip with the orientation [100]: (a) at =0 s, the (100), (310), (210), and (110) nan-
oplanes are covered with the O, layer; (b) at # = 2 s, the oxygen layer decreases in size with the slow motion of the CO, 44 wave
from the side of the (113), (112), and (111) nanoplanes with the formation of the local island (O,q4) on the (100)-(1 x 1) nano-
plane; (c) at = 4.1 s, the appearance of the very bright region at the center of the image indicates the formation of the clean sur-
face of the (100) nanoplane in the reconstructed structure (4ex); (d) at = 4.5s, CO adsorption is accompanied by the back recon-
struction (hex) — (1 x 1); (e) at t = 7.0 s, the oxygen island is repeatedly formed on the (100)-(1 x 1) nanoplane; (f)at=8.0's,

the initial oxygen layer O, is recovered.

(d) at t = 4.5 s, in spite of the high oxygen pressure
in the reaction mixture (5 x 10~* mbar), the low stick-
ing coefficient S,(0,) ~ 1073 keeps the (hex) surface
free of adsorbed oxygen until a local coating with
CO,4 molecules appears on (fex) (Oco ~ 0.1 ML),
again resulting in the reversible phase transition and in
the appearance of the (1 x 1) structure (light spot:
(Ix1));

(e) at t = 7.0 s, the change in the oxygen sticking
coefficient from Sy(O,) ~ 1073 (hex) to ~10~" (1 x 1) is
accompanied by the reappearance of an O, island
(dark spot);

(f) at r = 8.0 s, the (1 x 1) nanoplane initiates the
origination of an oxygen wave propagating to the
(310), (210), and (110) nanoplanes with the reduction
of the primary oxygen layer (a), which completes the
autocatalytic cycle.

The results of FEM studies revealed that two spa-
tially separated adlayers (CO,4 and O,g4) are formed
under oscillating conditions. A mobile reaction zone
with a width of up to 40 A and the maximum rate of
CO, formation was revealed between these coatings.
The highly active state of the Pt(100) nanoplane with
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the (1 x 1) structure is due to both the easy dissociation
of oxygen molecules (S; , ; ~10~' > §,,.~107%) and the
high reactivity of atomic oxygen (O,4) in CO oxida-
tion. The low activity of the (hex) phase is due to the
small S(O,) value and the island character of CO,
adsorption preventing the dissociation of O,,4, mole-
cules.

The theoretical modeling of the spatiotemporal
dynamics (self-oscillations, chemical waves) of CO
oxidation on the Pt(100) surface using the kinetic
Monte Carlo method is based on the reaction mecha-
nism written as the following sequence of steps:

(1) CO + * — CO,y (CO,,, 0r CO, ),
(2) Cohex — CO + >khex’

(3)COI><1 _>CO+*1><]5

4) (hex) — (1 x1): 4 CO,q, — 4 CO, 4,
(5) (I x 1) — (hex): *| | — Fpexs

(6) O2+2*1><1 - 2Ol><lv

(7) O1 1 + COugy — COL + #  + 75,

(8) Coads +F CoadS'
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The simulation of the dynamic processes confirms
that the maximum rate of CO, formation is attained in
the narrow reaction zone at the boundary between the
0,4 and CO, 4 layers, in agreement with the FEM and
FIM data. The propagation of the wave front in the
reaction zone results in the achievement of the highest
concentration of free sites (necessary for the dissocia-
tive adsorption of O, molecules), which favors the fast
reaction of the O,4, atoms with the nearest CO,4, mol-
ecules [24, 25].

Palladium: Self-Oscillations and Waves

Unlike the Pt(100) face, where self-oscillations are
due to the rearrangement of the surface structure, the
wave phenomena on the Pd(110) surface are due to
purely kinetic effects, specifically, the changes in the
catalytic and adsorption properties of the surface, in
particular, the oxygen sticking coefficient, due to the
comparatively slow formation and depletion of sub-
surface oxygen: O,q, = Oy, [3, 4]. Isothermal self-
oscillations in CO oxidation were studied by FEM on
the Pd tip at 7= 425 K and reactant partial pressures
of P(O,) = 2.6 x 10~ mbar and P(CO) = 1.3 x
10~* mbar. Since the change in the work function for
the CO,y layer (A@co ~ 1 €V) is higher than that for
the O,y layer (Apy ~ 0.5 eV) [26], the maximum
intensity of the electron emission current character-
izes the oxygen layer (O,4,), while the minimum inten-
sity characterizes the CO, 4 layer.

The FEM images presented in Fig. 9 characterize
different stages of the self-oscillation cycle: (1) the
origination of the wave front (r = 0—1.8 s) and (2) the
local character of traveling waves on the Pd tip surface
in the region of the (100) nanoplane. At t = 0 s, the
origination of an oxygen wave (O,,) is initiated on the
(110) nanoplane.

b

Fig. 9. Sequence of FEM images upon the origination (= 0—1.8 s) and propagation of regular waves (at = 0—5 s) on the Pd(100)
nanoplane under conditions of self-oscillations of CO oxidation on the Pd tip (7= 425 K, P(O;) = 2.6 x 103 mbarand P(CO) =

1.3x107* mbar, F= 0.4 V/A. Arrows show the change in sizes of the island of the CO,4s molecules localized on the (100) nan-
oplane. The stereographic projection of the Pd tip with the orientation [110] is shown in the image.

The wave front propagates toward the (100) nano-
plane, which is followed by the formation on it of an
isolated “island” of CO,4, molecules (r= 1.8 s). Under
conditions of the formation of regular waves, the (100)
nanoplane region is always covered by a mobile CO,,
layer (dark spot indicated by arrows), and the (110)
nanoplane region is covered with an O, layer (light
spot). The successive series (f = 0s (CO,y) — 1 s
(Oags) — 1.58(COygs) — 35 (Oygs) — 558 (COyyy))
of fast oxygen waves (7 ~ 1.5 s) shortly interacting with
the CO, 4 layer in a narrow zone of the perimeter of the
(100) nanoplane plane within the self-oscillation
period (7 ~ 5 s) is presented in Fig. 9.

Among the so-called “oxide models” proposed for
the description of self-oscillations [27], the kinetic
model with subsurface oxygen was developed to the
greatest extent. In this model, a reversible fourth stage,
O,4s = Oy [28], was added to the three-stage Lang-
muir—Hinshelwood mechanism. This makes it possi-
ble to present the reaction mechanism as two routes
(involving atomic (O,4,) and subsurface oxygen (Og,))
as follows:

Atomic oxygen (O,4,)
(1) Oy 4 2% —= 20,4,
(2) CO + * «—— CO,q,,
(3) CO,ys + Oygs — CO, + 2%,

Subsurface oxygen (Og,)

(4) Oads + ok *Osub’

(5) CO,ys + #O0gy, — CO, + 2% 4+ * |

(6) CO + >k()sub DR Coads Osub’

(7) CO44 Oy — CO, + ¥ + %,
where * and *, are the active sites of the surface and
subsurface layer, respectively. Subsurface oxygen *Og,
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forms in step (4). The following sequence of stages of
the self-oscillation cycle is assumed:

(1) the formation of Og,, occurs only on the Pd sur-
face covered with a layer of atomic oxygen O,4,, which
is accompanied by a decrease in 5,(0,);

(2) the formation of the CO, layer is a result of the
fast titration reaction 2CO + O,y — CO, + CO,q;

(3) the formation of a high concentration of free
adsorption sites is a consequence of the back diffusion
of oxygen (O, — O,4,) followed by its removal in the
form of CO,;

(4) the reduction of the initial oxygen layer is a
result of an increase in Sy(0,) due to a decrease in the
concentration of subsurface oxygen 0(Og,,)-

The introduction into the four-stage scheme of
additional stages (5)—(7), which characterize the pos-
sibility of changes in the binding energy of CO,4 mol-
ecules during the formation of the O, layer [29],
made it possible to describe the formation of spatial-
wave structures of different types as solitons, spiral
waves, and turbulence on the Pd(110) surface using
the kinetic Monte Carlo method [18, 24, 25, 29].

CONCLUSIONS

The character of low-temperature CO oxidation
on Pt(100) and Pd(110) single crystal surfaces was
established by the HREELS, TPR, and molecular
beam techniques. The high catalytic activity of Pt and
Pd in the CO + O, reaction is due to the easy dissoci-
ation of molecular oxygen. The studies with the iso-
tope label 80, suggested that the atomic state of
adsorbed oxygen (O,4,) is highly reactive in CO, for-
mation at low temperatures of 150 to 200 K. The
mechanism of low-temperature CO oxidation involv-
ing the so-called “hot” oxygen atoms (O,,) was not
confirmed. The effect of the concentration of CO,
molecules in the mixed adsorption layer (0,4, + CO,q)
on the reactivity of the atomic form of oxygen result-
ing in a sharp transition of CO, 4, oxidation to the low-
temperature region (7" < 200 K) was studied on the
Pd(110) surface. This is the low-temperature forma-
tion of CO, molecules on the Pt(100) surface in CO
oxidation that is considered by us as a chemical test for
the transition of platinum from the inactive (kex) to
the highly active catalytic state (1 x 1). Since at T ~
300—400 K the probability of oxygen dissociation on
the Pt(100)-Aex surface is very low, the appearance of
a high concentration of surface defects active in the
dissociative adsorption of O, during the phase transi-
tion (hex) — (1 x 1) plays, in our opinion, the key
role in the formation of self-oscillations, in the origi-
nation and propagation of traveling waves.

The periodical appearance of chemical waves at
isothermal self-oscillations of CO oxidation was stud-
ied by the FEM method in situ on the Pt and Pd tip
surfaces with sizes of about ~10% A. The ability to self-
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organization of the chemical reaction on the nano-
planes of metals ~200 A in size through the formation
of traveling waves was observed. The character of the
phase transitions of the nanoplanes from the lowest
active to the highest active surface structures was stud-
ied under the self-oscillation conditions. The DFT-
calculated values of equilibrium distances and stretch-
ing vibration frequencies of twofold bonded oxygen on
the Pt(100) surface suggest that the position of the
oxygen atom (O,q4) in the bridge structure is more
preferable compared to adsorption in the on-top or
hollow structures.

The following results were observed under the self-
oscillation conditions: (1) the initiating role of the
reversible phase transition of the Pt(100) nanoplane:
(hex) — (1 x 1); (2) the coexistence of separate
regions of CO,4 and O,; (3) the mobile reaction zone
up to 40 A in width with the highest formation rate of
CO, molecules. It was shown that synchronization
between the nanoplanes is achieved by the surface dif-
fusion of CO,4 molecules, unlike extended single
crystals, for example, in which synchronization during
wave propagation occurs through the gas phase. The
local character of wave formation in the region of the
(100) nanoplane was found and studied on the Pd tip.
The mechanism of self-oscillations is related to the
reversible formation of the subsurface oxygen layer:
0,4s = Og,,- The experimental results formed a basis
for the modeling of dynamic processes (self-oscilla-
tions, waves) by the Monte Carlo method. The most
exciting result of this work lies in the following: the
appearance of regular waves is an amazing example of
self-organization of a catalytic reaction on a metal
particle with a size of some hundreds of angstroms.
Here, self-organization is understood as the spontane-
ous formation of stable spatiotemporal patterns
(chemical waves) in nonequilibrium dissipative media.
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