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Abstract—The Hy(,) + O, reaction on nanoplanes of Pt-, Rh- and Ir-tips with a radius of ~10% A was studied
by FEM with a resolution of ~20 A, and the critical conditions (P;, T) under which this reaction is accompanied
by the formation of a propagating wave front with a sharp boundary between the H,4- and O, 4.-layers were
determined. The H, + O, reaction on a Pt-tip under steady-state conditions was studied by FIM with a lateral
atomic resolution of ~5 A, and images of H,O molecules (H,O* ions) visualizing the spatial distribution of

catalytically active sites (platinum atoms) were obtained for the first time. The origin of the kinetic self-oscil-
lations in isothermal H, oxidation in situ was investigated in detail. The regular chemical waves were found to

be initiated by the reversible phase transition (Pt(100)-hex

1 X 1) of the Pt(100) nanoplane surface. A step-

wise H,O formation mechanism involving OH,4-groups was deduced from HREELS and TDS for the H,4, +
0,4 reaction on the Pt(111) and Pt(100) single crystal surfaces.

DOI: 10.1134/S0023158409020220

The mechanism of oxidative catalysis by platinum-
group metals continues to attract interest because of the
possibility of obtaining new experimental and theoreti-
cal data elucidating the nature of the active sites and the
way in which multiple steady states, self-oscillations,
and chemical waves appear. The self-oscillatory phe-
nomena in chemical reactions were observed for the
first time in the 1950s for homogeneous catalysis,
namely, for the Belousov—Zhabotinsky reaction [1].
Using this reaction as an example, Nicolis and Prigog-
ine [2] created the theory of the complex dynamic
behavior of chemical systems far from thermodynamic
equilibrium. The concept of a dissipative structure (sta-
ble regular structure) was suggested, which means the
spatial and temporal self-organization of reacting spe-
cies. In heterogeneous catalysis, dissipative structures
manifest themselves as traveling concentration waves,
whose extent is determined by the diffusion and reac-
tivity of the reacting species. It was demonstrated that
the self-oscillatory mode is possible only upon reach-
ing the critical reaction conditions (P;, 7).

Although nonlinear phenomena are very difficult to
investigate experimentally because of their great sensi-
tivity to external actions, their character has been stud-
ied in detail at the macroscopic level for the CO + O,,
NO + H,, NO + NH;, and NO + CO reactions on Pt, Pd,
and Rh single crystal surfaces. Different mechanisms
of the appearance of self-oscillations and surface waves
were discovered and studied. These are a surface phase
transition (CO + O,/Pt(100): (hex) (1 x 1)), the
formation of a ‘“subsurface” oxygen layer (CO +

0,/Pd(110)), and the “explosive” interaction between
adsorbed species (NO + H,/Pt(100)) [3, 4]. A common
feature of all these mechanisms is the spontaneous peri-
odical transitions of the metal from an inactive to a
highly active state.

Since the concept of active sites was suggested in
the 1930s, there have been many attempts to study the
structure and properties of active sites at the micro-
scopic level. The development of photoemission elec-
tron microscopy made it possible to observe, in the
early 1990s, the formation of chemical waves on the Pt
and Pd single crystal surfaces under conditions of iso-
thermal oscillations of reaction rates—a new, previ-
ously unknown phenomenon. For example, for the
reaction CO + O,/Pt(110), the regular propagation of
the reaction fronts of O,y and CO,4 adsorbed layers
was observed visually at a spatial resolution of ~1 wm
[3, 4]. Passing to the atomic level in the investigation of
active sites is possible only using the scanning tunnel-
ing microscopy and field ion microscopy techniques.
Among the methods, only field ion microscopy (FIM)
seems to be suitable for real-time in situ studies of the
dynamics of surface processes on a single microcrystal-
lite (sharp tip) ~10° A in size with near-atomic resolu-
tion. For the first time, the formation of a traveling wave
was observed in the early 1970s in our studies of the
H,,) + O, titration reaction on the Pt-, Ir- and Rh-tip
surfaces using field emission microscopy (FEM) with a
resolution of ~20 A [5-7]. Using the FIM method,
which makes possible real-time visual in situ observa-
tions of the surface dynamic processes with a spatial
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Fig. 1. (a) Transmission electron micrograph of the Pt-tip. (b) FIM-image of the [100]-oriented Pt-tip with a radius of ~700 A
obtained using Ne* as the imaging gas: T=78 K, F = 3.5 V/A, Ve = 15KkV, PNe=2X 10 mbar. Each spot in the image represents
a separate platinum atom. (c) FEM image of the same surface of the Pt-tip: Vpgy = —2.5 kV, F = 0.3 V/A.

resolution of ~5 A, we were the first to pass to the near-
atomic level in the investigation of H, and CO oxida-
tion on platinum [8, 9].

The platinum-group metals (Pt, Rh, Ir) are known to
be very active in the catalytic oxidation of hydrogen
[10]. Among the mechanisms suggested for H, oxida-
tion [11, 12], the Langmuir—Hinshelwood (L-H) step-
wise mechanism involving hydroxyl groups (OH,g)
seems to be the most likely. Upon adsorption, H, and O,
dissociate into H,4- and O,y-atoms [11-13]. The for-
mation of H,O molecules can be represented as the fol-
lowing sequence of steps: H,y + O, —= OHgyg
OH 4 + Hygs —= H,0(, [14, 15].

In the present contribution we report the HREELS,
TDS, FEM and FIM results (intermediates, chemical
waves) obtained in study: (i) of hydrogen oxidation in
situ on the Pt-, Ir- and Rh-tips with a radius of ~10° A;
(ii) of reaction mechanism of self-organization on sur-
faces with dimensions on the order of hundreds ang-
stroms; (iii) of the spontaneous periodical transitions of
metal from an inactive to a highly active catalytic state.

METHODS

The FEM and FIM are an experimental tool for per-
forming in situ investigations of real-time dynamic sur-
face processes (surface waves). lons in the FIM method
(electrons in FEM) are accelerated by the applied field
from the tip surface (Fig. la) towards the detector,
which consists of a high-sensitivity microchannel plate
and a fluorescent screen [16]. The image is recorded
with a CCD video camera.

A high lateral resolution of ~2 A is achieved in FIM
by field ionization of the imaging gas (Ne) over metal
atoms at a positive electric field value of F = 3.5 V/A

(Ne clectric field_ - NJe+ 4 e/Pt) [16]. Figure 1b shows an
image of the Pt-tip surface at a magnification of X2 X
10 with atomic resolution achieved in Ne* at 78 K.
Each spot in the image corresponds to a separate plati-
num atom. This FIM image demonstrates that the hemi-
spherical surface of the sharp Pt-tip with a radius of
~700 A consists of a number of crystallographically
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different nanoplanes: densest planes {111}, {110}, and
{100}; stepped planes {113} and {331}; and rough
planes {210} and {310}. This surface is topographi-
cally similar to the surface of the nanocrystallites of a
supported metal. Therefore, sharp tips can serve as
model systems for solving the “material gap” problem
in the study of the nature of active sites in supported
metal catalysts. For visual observation of waves on the
Pt-tip, we for the first time used the molecules of a reac-
tant (O,) and the reaction product (H,O) as the imaging
gas in a field of F' ~ 1-1.5 V/A [8, 9]. According to the
above field ionization mechanism, the resulting water
molecules are 10nlzed in a field of F ~ 1-1.5 V/A at a
distance of x_, ~ 4 A from the platinum surface via elec-
tron tunneling from the ground level of the H,O mole-
cule to the Fermi level of the metal. The resulting H,O*

ions are accelerated toward the screen by a high electric
field.

In FEM experiments, a negative voltage V is applied
to a Pt-tip. Electrons are emitted into vacuum from the
tip by tunneling through a potential barrier by the
applied electric field (F = 0.3 V/A) and are accelerated
towards a fluorescent screen. The emitted electrons pro-
duce an image of the tip surface with ~20-A resolution
at a magnification of x3 x 103 (Fig. 1c). The surface
analysis of the FEM images is based on the changes in
local work function (A¢) accompanying adsorption of
H, and oxygen, which can be correlated with the total
field electron currents according to the Fowler—Nord-
heim equation. The surface nanoplanes of Pt-tip show
an increase of A@ with the adsorption of hydrogen
(Ap= 0.2 eV) and an even higher increase after the
adsorption of oxygen (A@ = 1.2 eV). As a consequence,
high-contrast dark areas corresponding to the O,4.-layer
appear on the image [6]. The dramatic decreases in the
work function observed in the H, oxidation reaction
(6o —= 0Oy) gives an excellent tool for distinguishing
transition in the adsorption layers: the oxygen layer
with low emission current (dark areas) and hydrogen
layer (bright areas) with high emission current [6, 9].
Our studies demonstrated that the electrostatic field
used in FEM and FIM does not exert any significant
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Fig. 2. Formation of O,y islands during wave propagation in the low-temperature reaction H, + O, 4, on the Pt-, Ir- and Rh-tip sur-
faces. (a—c) Pt: O, preadsorption at 78 K and an exposure of 120 L (8 ~ 1); A@ = 1.3 eV, reaction between H, and O,y at T =

140 K and PHz = 6.5 x 10~° mbar; reaction time of (a) 5, (b) 10, and (c) 25 min. (d—f) Ir: O, preadsorption at 78 K and an exposure
of 120 L; Ag = 1.2 eV; reaction between H, and O,4s at 7 =200 K and Py, =4x 1077 mbar; reaction time of (d) 2, (e) 4, and
(f) 6 min. (g-i) Rh: O, preadsorption at 196 K and an exposure of 300 L; A@ = 0.85 eV; reaction between H, and O,45 at T =280 K
and PH, =2.6 x 10~/ mbar; reaction time of (g) 5, (h) 6, and (i) 7 min.

effect on the reactions involving H,, O,, CO, or NO

molecules, and this finding is in agreement with reports
by other authors [17, 18].

Our experiments were carried out using an ultrahigh
vacuum (residual pressure of P,., < 107V mbar) setup
under flow reactor conditions. The platinum surface
was visually observed in situ by the FEM or FIM
method [19]. The pressure of the reaction mixture was
maintained at a constant value of ~5 x 10~ mbar and
was measured with a visco-vac gage and a quadrupole
mass spectrometer. The preparation of sharp tips, the
cleaning of the tip surface by “field desorption,” and
the experimental procedure are detailed elsewhere
[5-9, 19].

The nature of oxygen and hydrogen adsorption
states and reaction intermediates (OH,4-groups) was
studied by high resolution electron energy loss spec-
troscopy (HREELS) and thermal desorption spectros-
copy (TDS) that were carried out in the separate ultra-

high vacuum chamber (P, < 107! mbar) of a VG
ADES 400 electron spectrometer [20].

RESULTS AND DISCUSSION

Hy + O, Titration Reaction on Pt, Ir,
and Rh-tip Surfaces

The interaction between hydrogen and a preadsorp-
tion oxygen layer (8 ~ 1) on Pt-, Ir- and Rh-tip sur-
faces is depicted by the series of FEM images shown in
Fig. 2 [21]. The transition from 65 (A@ ~ 0.9-1.2 eV) to
On (AQ ~ 0.2-0.4 eV) in the Hy,) + Oyqy —= HyO) +
H, 4 reaction at 7' < 300 K shows itself as the appear-
ance of a mobile reaction boundary that is accompanied
by a dramatic decrease in the work function, which is
due to the formation and desorption of H,O molecules.
The crystallographic specificity of the Pt-, Ir-, and Rh-
tips is illustrated by the series of images in Fig. 2: (a—c)
Pt, (d-f) Ir, and (g-i) Rh. On the Pt-tip, oxygen
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Fig. 3. Propagation of the wave front in the H, + O,4, reaction on the Pt-tip observed by (a—d) FEM (F = 0.6 V/A) and (e-h) FIM

(H,0%,

F=15V/A). T=395K; PHz = 4.6 x 1077 mbar; the reaction time is (a) 0, (b) 1.0, (c) 1.3, (d) 1.4, (e) 0, (f) 0.5, (g) 1.3,

and (h) 1.5 s. O, was preadsorbed at 300 K and an exposure of 103 L. Ap=12¢eV.

adsorbed on the (331) planes and on the stepped planes
around (111) is the first to participate in the reaction
(Fig. 2a), and this is followed by the involvement of
oxygen on the (210) planes (Figs. 2b, 2¢). On the Ir-tip,
the reaction is initiated on the (321) stepped planes
around the (111) plane. This indicated by the appear-
ance of bright spots due to electron emission from the
H,4-layer because of the partial removal of the O,y
layer and the corresponding decrease in A@ (Fig. 2d).
The resulting reaction wave front moves from the (111)
planes to the (001) planes, passing rapidly across the
stepped planes (112) and (113) (Fig. 2e). The reaction
comes to completion on the rough planes (210) and
(310), on which unreacted islands of the O,4-layer can
still be observed (Fig. 2f, dark spots). For Rh, the
sequence of FEM images demonstrates that the transi-
tion from the oxygen coverage (O,q, AQ = 0.9 eV) to
the hydrogen coverage (H,q, A = 0.4 eV) takes place
over approximately 10 min (Figs. 2g-2i). The reaction
is initiated on the (110) planes and is accompanied by
the formation of isolated oxygen islands (dark spots) on
the (100) planes (Fig. 2g). The boundary of the reaction
wave propagates simultaneously from the (100) plane
to the (111) plane and from the (110) plane to the (100)
plane (Fig. 2h). After 7 min, the reaction occurs on the
(210) planes, where the formation of isolated oxygen
islands (dark spots) can be seen (Fig. 2i).

The above results demonstrate that a characteristic
feature of the low-temperature Hy, + O, reaction is
the formation of a mobile reaction zone with a sharp
boundary between the H 4 and O,4-layers. Clearly, the
interaction between hydrogen and oxygen occurs in an
extremely narrow zone (~30 A) of the propagating
wave front. The Hy,) + O, reaction on Rh begins at a
greater temperature (~280 K) than the same reaction on
Pt and Ir (140 and 200 K).The oxygen layers on the
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stepped planes (100), and (110),, are initially involved
in the reaction. The reaction occurs between mobile
hydrogen atoms (H,4) and an immobile layer of oxy-
gen atoms (O,4,) that is characterized by the formation
of isolated oxygen islands. The activity order of Rh
nanoplanes is as follows: (100), ~ (110) > (311) >
(111)4 ~ (111) > (210). Another activity order is
observed for platinum: (331) > (111) > (110) > (100)
> (210). For iridium: (321) > (111) > (110) > (100), >
(210). The lowest activity of the rough nanoplane (210)
for Pt, Rh, and Ir is likely explained by the fact that this
nanoplane forms stronger bonds with adsorbed oxygen
atoms than the densest plane (111) or (100). It was
demonstrated that the H,4, + O,y reaction in a mixed
layer is characterized by an apparent activation energy
of ~8 kJ/mol [21].

Imaging of the Reaction Wave Front Using
the Reaction Product (H,O Molecules)

Figure 3 presents a series of (a—d) FEM and (e-h)
FIM images depicting the origination and propagation
of the wave front in the Hy) + Ouqs —= HyO) + Hygg
reaction on platinum for a reaction time of T~ 1.5 s at
T =395 K [22]. Clearly defined anisotropy is observed
in the propagation of the wave front in the direction
{111} — {011} — {113} — {001} — {012}.
The oxygen island formed on the planes (001) and
(012) (see Fig. 3a or Fig. 3e) diminishes along the
boundary of the adsorbed O,4-layer (Figs. 3b—3d). The
same titration reaction has also been studied by FIM for
the first time. An extremely narrow reaction front is
imaged here by H,O" ions being formed near the Pt-tip
surface from the desorbing reaction product:

H,0,, el H,O" + e~ (Figs. 3e—3h). The high local
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Fig. 4. (a) Evolution of the electron energy loss spectra during the H, + O,y reaction on the Pt(100) plane at 7= 105 K. The layer
of oxygen atoms was obtained by low-temperature O, adsorption (7'= 105 K, 9 L) followed by heating to 250 K. (b) Formation of
OH, 4, hydroxyl groups (H, exposure of ~12 L) and H,O, 4, molecules (H, exposure of ~24-216 L).

space resolution achieved in this method (~5 A) makes
possible real-time identification of active sites on the
platinum surface at a near-atomic level.

Detection of the Intermediate: OH 4, Hydroxyl Group

The spectroscopic data [14, 15, 24] reveal that two
independent pathways for water formation via reaction
of adsorbed hydrogen with the adsorbed hydroxyl
(Hygs + Oggs —> OH,gq, OHy + Hygg —= HyO(y)) or via
hydroxyl disproportionation (20H,y, — H,0, +
0,4,) that could be considered viable for the platinum-
group metals.

At studying the mechanism of low-temperature H,
oxidation on the Pt(111) surface, the following results
have been observed: (1) the reaction effectively pro-
ceeds at T < 150 K [14, 25]; (2) H, adsorption on the
vacant centers in oxygen adsorbed layer (O,q/Pt) is dis-
sociative [26]; (3) H,O adsorption is molecular on a
clean surface, but proceeds with dissociation (H,O,4 +
0,4 —= 20H,4,) on the oxygen layer (O,4/Pt) [27]; (4)
the formation of OH-groups is result of the H,4 and
0,4, interaction [14, 25]. The spectroscopic evidence
for the formation of OH-groups is based on the occur-
rence of deformation vibrations 8(Pt—OH) at 790 cm™!
[14] or, on other data [25], their occurrence has been
observed at 970 cm™'. Note that the spectra [14, 25] do
not show V(OH) stretching bands for OH,4-groups.
The difference between the observed values of the
d(Pt—OH) band (180 cm™) is likely due to the presence
of CO,4 or H,0,4, molecules on the Pt(111) surface
[14, 25], which are capable of shifting the bending band
of the OH,4-group.

In our spectroscopic study, the special attention was
given to vacuum conditions (P, < 3 x 107! mbar),
excluding the low temperature H,O or CO adsorption
on platinum from residual gas [23].

The Hy) + O,gy —> H,0,4 + Hyys reaction on the
Pt(111) surface at 7= 105 K was studied by HREELS.
The vibrational spectrum of the H,-layer on the
Pt(111) surface contains v(Pt—H) stretching bands at
500 and 1200 cm™' [28]. A precovered atomic oxygen
layer with 85 = 0.25 in the structure p(2 X 2) was car-
ried out by a technique [29].According to HREELS
data, oxygen adsorption on Pt(111) at 105 K results in
the formation of two molecular species, namely, the

peroxide species O;;ds , characterized by a v(O-0)
band at 870 cm™' and a v(Pt-O,) band at 380 cm™!, and
the superoxide species O, , characterized by a v(O-0O)
band at 1240 cm™! Heating up (T ~ 105-250 K) causes
the transition of molecular oxygen to an atomic state

characterized by a v(Pt—O) band at 460 cm™' (Fig. 4a)
and O,,, desorption at 160 K.

The O,4-layer is characterized by an intense
v(Pt—0) stretching band at 460 cm™! (Fig. 4a). The pro-
posed technique allows to keep a high concentration of
the empty sites, which is necessary for subsequent dis-
sociation of H, on an O/Pt(111) surface. As follows
from the series of spectra presented in Fig. 4b, the ini-
tial stage of the reaction, H,4 + O,y — OH,q4 (H,,
12 L), is accompanied by the formation of hydroxyl
groups with a v(O-H) stretching band at 3580 cm™! and
a 0(Pt—OH) deformation band at 725 c¢m™'. Simulta-
neously, a v(Pt—-OH) stretching band as a shoulder
appears at a low frequency of 435 cm™'. Note that the
presence of the v(O-H) band at 3580 cm™! is character-
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Fig. 5. Rate of hydrogen oxidation on the Pt-tip as a func-
tion of the hydrogen partial pressure at P02 =2x 10" mbar

and T = 300465 K (FIM data).

istic of isolated OH,4, groups, whose formation was
observed earlier on the Ag(111) plane as a band at
3640 cm™ [30]. In the second stage of the H,y, +
OH,y, — H,0, reaction (H,, 24-100 L), the begin-
ning of the formation of the H,0,4, layer occurs with
the frequencies of deformation vibrations (HOH) at
1620 cm™!. Simultaneously the high-frequency area
8(0O-H) is accompanied by displacement on
60—-100 cm™" up to value of 3400 cm™! that is responsi-
ble for adsorbed water molecules layer. Disappearance
of deformation vibrations 8(Pt—OH) at 725 cm™' is also
observed.

At an H, exposure of ~100 L, the preadsorbed
O,4s-layer is almost entirely converted into an H,O, 4~
layer. The S-shaped character of intensity vibrations
O(HOH) suggests that the reaction Hyy, + O, —>
OH,4 + H,ys — H,0,4 should be proportional to bor-
derline of oxygen islands O,4,, which is in agreement
with FEM and FIM data (Fig. 3).

Steady-State Kinetics of the Reaction

The steady-state reaction rate was measured on a
platinum wire used as the Pt-tip holder. The gas phase
was analyzed by mass spectrometry. Simultaneously,
the composition of the adsorbed layer (O,4 or H,4) was
monitored by in situ FEM measurements of the work
function [21]. The apparent activation energy of the
reaction (E,) at T ~ 180-250 K was ~13 kJ/mol. FEM
data indicate that, in the steady-state of the reaction
(Py,/Po, =2:1,T=180-250 K), the Pt surface is cov-
ered with an H,y.-layer. Figure 5 plots the rate of H, oxi-
dation (H,O formation) on a Pt-tip (FIM data) at 7 >
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Fig. 6. FIM images showing different stages (a—d) in the
wave propagation during the H, oxidation over O,4-side

precovered surface at the transition (6 — 0p) point. 7=
300 K; P02 =2x 107 mbar; PHz =6x 107 mbar; reac-
tion time of (a) 0, (b) 0.12, (c¢) 0.15, and (d) 0.36 s.

300 K (T ~ 300465 K, Py, = 2 x 10~* mbar) as a func-
tion of the hydrogen partial pressure in the reaction sys-
tem. This kind of kinetics (the break of the logw curve
and the order of the reaction with respect to Py ) is in

agreement with the kinetic data obtained for platinum
single crystals [31]. As measured by FIM, E, at T <

300 K (7' ~200-300 K, P, =4.2% 10~ mbar, Py =
1.3 x 10~ mbar) is ~28 kJ/mol. The higher activation
energy (E, ~ 28 kJ/mol) as compared to value (E,) in
[21] is explained by the fact that the reaction rate was
measured in excess oxygen partial pressure (the plati-
num surface was covered with an O,g4-layer).

The above results demonstrate that two Kkinetic
regimes can be observed on platinum: (1) at Py > Py ,

the reaction rate is given by the expression w =
kPi,zPalz; (2) at Py, < Py, the reaction rate is w =
kP [21]. Figure 5 shows that three reaction regions
can be distinguished: oxygen side (O,y), transition
point (bistability) and hydrogen side (H,g4). The transi-
tion point 8, —= Oy) occurs in a very narrow range of
Py, in which the surface wave appear (Fig. 6). At the
initial reaction steps the Pt-tip surface is precovered
with oxygen layer (Po, =5 X 10* mbar) and the
medium brightness of FIM image is mainly formed by
0; ions (Fig. 6a). When hydrogen is introduced to the
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transition point (Py, =6 X 10 mbar) the bright reac-
tion front moves from upper right corner (Fig. 6a),

which is imaged here by O ions being formed near the
metal surface from the desorbing H,O molecules. The
reaction begins on the {331} plane and propagates rap-
idly as a wave toward the (001) plane. Moving anisotro-
pically, the wave flashes through the entire (001) plane
within a short time interval of 0.12 s (Fig. 6b). The
character of wave propagation anisotropy can clearly
be seen in the FIM image presented in Fig. 6¢: the wave
moves rapidly in the (001) — (011) direction and
slowly in the (001) — (112) direction. The image
brightness of H,O" ions, which is observed in 0.36 s
(Fig. 6d), indicates that under the reaction wave propa-
gation, a uniform, catalytically active surface is formed

GORODETSKII

with high turnover frequencies. Based on ionization
potential values (Iy,o ~ Iy, < Iy, ), we expected that,
under the reaction conditions (300 K < T < 450 K,
Py, ~ 10 mbar, P, ~ 10~ mbar), the surface-imaging

gas would be O, (O;) or H,O (H,O"). It was shown
that H,O*/H;O" ions are the main ionic species, which
serve as the imaging gas of the platinum surface in FIM
[32].

According to field ion appearance energy spectros-
copy measurements for H,O*/H;O" ions [33], H,O"
ions being formed near the tip surface (X, ~ 4 A) from
the desorbing reaction product (H,O molecules) into
the gas phase, whereas the formation of H;O* ions can
occur during a field-induced surface reaction for a pro-
tonation pathway involving H,y and H,O,4: H,g +

H,0,,, "~ H,0* [32, 33].

Following the experimental data water molecules
are formed through a sequence of five reaction steps (in
field-free conditions):

Hyg) + 2% ~— 2H 4, )
Oy + 2% —= 20,4, 1))
Ou4s + Hyge — OH, 4 + *, (I10)
Hugs + OHygg — HyOp + %, Iv)

Hzoads I Hzo(g) + k., (V)

The applied electric field (F ~ 1.2 V/A) introduces
new reaction channels (steps VI-VII) that attributed to
the surface imaging by H,O*/H;0O" ions:

electric field + -
H,0,, S5 H,07,, + ey, (VI)
electric field + -
H,g + H)Opqy ———= H30(,) + ey . (VII)

Fig. 8. FIM images showing initiation and wave propagation during the H, oxidation at 300 K on the Pt-tip surface at 300 K, P02 =

5% 10 mbar, and PHZ =7 x 10~* mbar. The time internals after the initial image (T =0 s) is given at the lower right corners of the

images.
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Pt(100)—

Pt(100)-hex

Fig. 9. Plan view of the Pt(100) single crystal shows the
atomic structure on the reconstructed (100)-(hex) and unre-
constructed (100)-(1 x 1) surfaces during the (hex) —>
(1 x 1) phase transition induced by H, adsorption.

The field induced routes are very fast (steps VI-VII)
in comparison with chemical steps (I-V). Hence, in a
unique fashion the temporarily catalytically active sites
could be identified at a near-atomic resolution.

Self-Sustained Oscillations: Surface Waves

Figure 7 presents an example of regular isothermal
self-sustained oscillations of the H,O (H;0%) formation
rate with an oscillation period of 30 s in H, oxidation on
a Pt-tip at 300 K [9]. Figure 8 shows a sequence of FIM
images for hydrogen oxidation at 7= 300 K, P, =5X

10~ mbar, and Py, =7 x 10~ mbar under self-oscilla-

tion conditions [34]. The brightness of these images
characterizes the variation of the state of the platinum
surface. The areas with medium brightness represent

0,4 layer imaged by O ions (Fig. 8a). The very bright
regions indicate areas with a high production rate of
H,0O molecules (H,O%), which are ionized by the elec-

tric field, near the metal surface (Fig. 8e). The dark
areas are covered by H, layer (Fig. 8f; image is

obtained in O; ions).

As seen from the FIM study, the H,O wave initiation
on the O,y-layer (Fig. 8a) start on the (100) nanoplane
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Fig. 10. Electron energy loss spectrum for atomic oxygen
layer (O,4,) on the defects of the Pt(100)-(1 x 1) surface as
aresult of the O, + H gy — 0,45 + H,O titration reaction
at 220 K. The oxygen exposure is 30 L.

(Fig. 8b), which has spatial dimensions of ~400 A. This
wave spreads rapidly over the whole tip surface within
<2 s (Figs. 8c—8e): from the (100) nanoplane toward the
{110} nanoplanes at this stage. The reverse-traveling
H,O wave propagates over H,4-layer more slowly
(Figs. 8f—8h). The initial oxygen layer (Fig. 8a) is
restored in 30 s, the time equal to the oscillation cycle.
In terms of the “phase transition” model, which was
suggested in [3, 4], the formation of traveling waves
(Fig. 8) can be explained as follows. The oscillation
cycle (30 s) start with an O,4-layer of the unrecon-
structed Pt(100)-(1 x 1) nanoplane (Fig. 8a) [35] that
shows the formation of a highly reactive zone in the
central (100) plane (Fig. 8b). This zone spreads rapidly
over the whole surface (Figs. 8b—8e). Due to the high
reactivity of the Pt(100)-(1 x 1) surface, the coverages
of both reacting species (H,4 and O,4) become rather
low, resulting in nearly clean surface. As a conse-
quence, the (1 x 1)-surface is no longer stable but trans-
forms into the stable hexagonal phase (Fig. 8f).
Because the sticking coefficient for O, is much
lower on the Pt(100)-(hex) surface (S, ~ 10~3), build-up
of a H,4-layer takes place resulting in the partial lifting
of the hexagonal reconstruction back to the (1 x 1)-
phase [36]. The phase transition of the Pt(100)-(hex)
into the Pt(100)-(1 x 1) surface is combined with a
change in the density of the top Pt layer and during this
process about 20% of its atoms are ejected. This pro-
cess is visible in situ and manifests itself by the appear-
ance of fluctuating small Pt clusters (brighter spots) that
can be discerned in the image (Fig. 8f). The stepped
(331) planes present on the tip surface, which have a
high oxygen sticking coefficient, are new centers at
which the reverse-traveling wave originates to propa-
gate toward the central (100) plane. At this point in
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time, the (100) plane is completely transformed into the
(1 x 1) structure (Figs. 8g, 8h). The H,4 regions still
appear as a dark area in the FIM images and shrink in
diameter (Figs. 8g, 8h), until the surface is again com-
pletely covered with reverse-traveling oxygen wave
(g — a), thus completing the oscillation cycle. The
transition of the Pt(100) surface from the reconstructed
structure (hex) to the unreconstructed structure (1 X 1),
which is represented as a model in Fig. 9, can be caused
by low-temperature H, adsorption [37]. According to
He scattering data [38], the resulting H/Pt(100)-(1 x 1)
phase has structure defects as atomic steps, which
strongly affect the adsorption properties of the Pt(100)
surface. For example, the O, sticking coefficient of the
Pt(100)-hex surface is S, ~ 107 and that of the (1 x 1)
surface is Sy~ 0.6 [37]. According to our HREELS data,
the O, -layer resulting from the O,y + Hye —=
H,0,) + O,y reaction on the Pt(100)-(1 x 1) single
crystal surface confirms the presence of a high concen-
tration of surface defects. Figure 10 shows that interac-
tion of an atomic hydrogen layer with oxygen (30 L) at
220 K is accompanied by the formation of an oxygen
adatom layer with Pt—O bond vibration frequencies at
460, 680 and 920 cm™'. In agreement with O%/Pt(321)
[39] the bands at 680 and 920 cm™! are intrinsic to
atomic states of oxygen on the structural defects (pre-
sumably like steps or kinks).

Our FIM/ HREELS results have strongly suggested
that the H,4-induced (hex) < (1 x 1) phase transition
observed on the Pt(100) single crystal is the driving
force for the isothermal oscillations found on that (100)
surface:

Pt-hex 2 H/P1 x 1 2722 O/pt-1 x 1
+H,(-H,0) Pi—1 % 1 phase transition Pt-hex.

CONCLUSIONS

The nucleation and propagation of surface waves
that are periodically emitted from a small nanoplane,
was observed by FIM with a resolution of ~ 5 A for the
first time in the H, + O, (1 : 1) reaction on Pt-tips at a
total pressure of 10~ mbar.

Using the reaction product (H,O molecules) as the
imaging gas (H,O%), we related the appearance of reg-
ular waves with reaction rate oscillations. The initiating
role is connected with the reversible phase transition
(hex) < (1 x 1) of the Pt(100) nanoplane, which is
the nucleation center of propagating waves on the Pt-
tip. The periodic transition of platinum from the inac-
tive state to the catalytically active state is due the
reversible phase transition (hex) < (1 X 1) of the
Pt(100) nanoplane induced by hydrogen adsorption. It
has been found that the Pt(100) surface switches revers-
ibly from an inactive state (hex) into a highly active
state (1 X 1) under self-oscillation conditions. It has
been established that the low activity (hex)-phase

GORODETSKII

exhibited a low sticking coefficient for oxygen (So, ).

The high activity of (1 X 1) surface has a high sticking
coefficient (S ) for oxygen and an increased popula-

tion of active atomic oxygen states (O,4,), as is a result
of the existence of the surface defect sites, which
appear on the Pt(100) surface during the phase transi-
tion.

The reaction proceeds via the L-H detailed mecha-
nism in which adsorbed hydrogen atoms (H,4) in the
initial stage react with chemisorbed oxygen (O,,,) to
form hydroxyls (OH,q), which react with a second
hydrogen atom to produce water.

The H,O molecules resulting from step (VII) are
desorbed and are ionized by the electric field at a dis-
tance of ~4 A from the metal surface. It becomes possi-
ble to use the H,O" ion intensity as a local test for the
presence of highly catalytic active surfaces (nano-
planes). With FEM/FIM techniques, it is possible to
visualize, with a spatial resolution of ~2-20 A, the
active centers distribution on metal tips (~10° A) whose
size is comparable with the real size of the highly-dis-
persed supported metal catalysts (~300 A). The most
exciting result of this work that reveal the detailed
mechanism of self-organization in H, + O, oscillating
reaction on catalytically active surfaces of hundred
angstroms size, lies in the following: the propagation of
reaction—diffusion waves includes the participation of
the different crystal nanoplanes and indicates an effec-
tive coupling of adjacent planes. Here, self-organiza-
tion is understood as the spontaneous formation of sta-
ble spatiotemporal patterns (chemical waves) in non-
equilibrium dissipative media.
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