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Based on the acceleration of Gibbs free energy, —d>G/ds?, a kinetic (or falls) model for a catalyzed CO oxidation
was developed. Since Gr(r) of the system inevitably decreases during a reaction, it may be regarded as the height of
water in the model; —d>Gr/df* = Fr corresponding to gravity, may be regarded as the driving force for the reaction
to occur. The reaction mechanism for CO(X) + (1/2)02(Y) — CO,(Z) can be divided into two parallel transformations,
X < Ax < Bx — Zx and Y <+ Ay < By — Zy, which are composed of the three elementary steps accompanied by
intermediate A and B. The driving force Fx for Ax and By to proceed and also Fy for Ay and By were determined
separately. Because Fr (=Fx + Fy), Fx, and Fy were independent of ¢ in a definite period, they (instead of G(¢))
are useful for describing coupling among the elementary steps and correlations among the intermediates. The reaction
can be written X + Y + @ — Z* 4+ @, where Z* means that Z leaving catalysts has hyperthermal energy and @ de-
notes the active site where By (assigned to subsurface oxygen) is located. The present dissipative structure is supported

by Fr, not by any autocatalytic reaction.

Catalysis is a phenomenon of acceleration of the rate of a
chemical reaction by a substance, that is, a catalyst. To find
the source of the acceleration is obviously very challenging.
Heterogeneous catalytic reactions are in general far from
thermodynamic equilibrium, and therefore, one can observe
rate oscillations, spatio-temporal patterns, and chaos; a group
of phenomena which has been denoted “dissipative structure”
by Prigogine and Nicolis.! The classical examples of such
patterns are traveling waves, target patterns, and rotating spiral
waves in the Belousov—Zhabotinsky (BZ) reaction. However,
its detailed modeling remains difficult because of the complex-
ity of its reaction scheme and the large number of intermedi-
ates products.’

Many oscillatory reactions in heterogeneous catalysis have
been observed.? Usually, all oscillatory reactions are accompa-
nied by spatio-temporal pattern formation, and in order to
make these patterns visible, various spatially resolving tech-
niques have been developed.*

Catalytic CO oxidation over Pt/Al,O3; was considered in
this work.

CO@)(X) + (1/2)02(g)(Y) — CO2(2)(Z). (1

The reaction over platinum group metal surfaces is one of
the most extensively studied heterogeneous catalytic reactions
due to its practical importance and theoretical interest. This
catalytic reaction is able to display the same basic patterns
as the BZ reaction.’

To describe mathematically these nonlinear dynamics,
reaction-diffusion equations of the general form have been
applied:

dci/dt = Fi(G, ¢) + Did*c;/ox?, 2)

where c¢ is a vector standing for the concentrations of various
chemical species and ¢ denotes a set of parameters. The kinet-

ics of species i are contained in the term Fj, whereas diffusion
is treated in the usual Laplacian form in the second term with
D; representing the diffusion coefficient.* It is worth noting
that although material balance is considered in Eq. 2, heat
balance in the reaction is not considered and also determining
¢i(x,t) from Eq. 2 is in general very difficult, because F;i(, ¢)
is a nonlinear function of ¢ coupled with each other.

On the other hand, according to the second law of thermo-
dynamics, Gibbs free energy (G) of a system is decreasing at
any moment during a reaction occurring spontaneously under
constant pressure and temperature. A reaction such as X +
Y — Z appears to proceed via a transition state (TS). The
TS theory by Eyring® and Polanyi and Evans’ based on G
has been a basic theory in the study of reaction kinetics and
has been extended to a catalyzed reaction.®

Recently, a reaction rate spectroscopy (RRS)? available for
a catalyzed reaction of gases has been proposed that is sche-
matically shown in Fig. 1a, by which “flow” of Gibbs free
energy along the reaction coordinate T can be obtained as
follows:

[-dG/dt]l; =J(T) O<T<1). 3)

It should be emphasized that dG(7)/dr instead of G(T) is
considered in RRS as demonstrated in Fig. 1b. Traditional free
energy dissipation agrees with Jp(1)-J7(0), whereas Jr(T)
versus T has never been investigated.

According to the RRS, concentration c; is forced to oscillate
harmonically with an angular frequency w by varying gas
space, instead of controlling dosing rate of a reactant imple-
mented by Ertl et al.;'° the difference between the two methods
is considerable in both experimental and theoretical proce-
dures.!!

The heterogeneity of concentration over catalysts corre-
sponding to the term of D;d°c;/dx? is forced to oscillate. Fre-
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quency response of the system to the perturbation depends on
Fi(¢, Ac) as well as D;. Remarkable merits of RRS are that
both material and heat balances can be considered via dG/dt
as shown below and further that any function, such as
Fi(¢, Ac), can be linearized by a Taylor series expansion,
because perturbation Ac is very small. The left hand side of
Eq. 2 can be expressed by iwAcj, because the variation
Aci(t) is harmonic. Simultaneous linear equations of Ac thus
derived can be analytically solved.

The reaction mechanism adopted in this work is shown in
Fig. 2, which is composed of the three elementary steps, I,
I, and III, accompanied by two intermediates, A and B. The
reaction is divided into two parallel transformations, (i) and
(i1). Whether Ay is associatively or dissociatively adsorbed
did not affect RRS data analysis carried out below.

In this work, J(T) determined previously® was translated to a
definite function of time, J(¢). Then, integration of J(¢) led to
G(t), whereas the time derivative dJ(¢)/dt yielded a force F
for the reaction to occur. The study of reaction kinetics based
on F (instead of G(¢)) is shown to be effective to describe cou-
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pling among the elementary steps and correlations among the
intermediates. The source of F is also discussed.

RRS

Experimental. In RRS, a part of gas space, AV(w;1)
(1072 of a constant-flow reactor at steady-state), was varied
harmonically over a wide range of angular frequency w
(5 x 1073-3 x 10~ Hz). Frequency response of the system
to AV(w;t) was observed by following pressure variation
APw(w;t) (W =X, Y, and Z).

The spectrum was characterized by using complex rate co-
efficient k* defined by (k + iwl).? The sixteen rate coefficients,
k and [, contained in the reaction mechanism were determined
by numerical simulation of the spectrum. They are summariz-
ed in Table 1.

Since every reaction rate is expected to be proportional to
the amount of active site N,, J(T) was divided by N, in order
to make it characteristic for catalysts:

J(©) = J(1)/N, = [—dg(7)/dt];. “4)

It is noted that the parameters in Table 1 are independent of
amounts of catalysts and therefore characteristic for catalysts.

Results of §j’s. The function j(T) is composed of several
parts, {5j(T,)}:
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Fig. 1. (a) Basic idea of RRS for a reaction of X + Y — Z.
(b) “Flow” of Gibbs free energy, Jr(7) = —[dGy/dt],
obtainable by RRS vs. the reaction coordinate 7. (Ry)
the rate of reaction in steady state; (—AGr) the free en-
ergy fall in the reaction. The difference Jr(1)— Jr(0)
corresponds to free energy dissipation in the reaction
(=—AGTR;), while Jp(T) vs. T has never been investi-
gated.

[X] [Ax] [Bx]
kx* kAx* (”IX)
(i) CO(g)«>CO(a1)«>CO(az) [Zx]
K-ax K gx Kex*
— CO2(9)
kY* kAY* kBY*
(i) (1/2)0O4(g)«<>O(a1)«>0(az) [Zv]
K-y Kay (1y)
[Y] [Av] [Bv]
(Iv) (Iy)

Fig. 2. Reaction mechanism for a CO oxidation reaction
(X +4+Y — Z) composed of the three elementary steps, I,
II, and III, accompanied by two intermediates, A and B;
Ay may be either associatively or dissociatively adsorbed.
The whole reaction is divided into two parallel transforma-
tions, (i) X< Ax < Bx > Zx and (i) Y < Ay <
By — Zy. Frequency response of every forward reaction
to harmonic oscillation of APx(f) and APy(t) is character-
ized by the complex rate coefficient k* = k + iwl, where-
as the response to every reverse reaction is characterized
by real k.

Table 1. Rate Coefficient” of the Reaction Mechanism Shown in Fig. 2 (Units of

k: min~!)
kx Ix k_ax  kax Iax k_px kpx Igx
—1.512 —-0.52 28.1 154 (—0.333)b) 294 81.2 0.904
ky ly k_ay  kay Iay k_py kpy gy
—0.73 —0.582 1.15 0.435 (—=0.5) —0.074 0.28 (=0.5)

a) Experimental conditions: P

O =116, Py = 86, P = 72Pa over Pt/ALO; at
623 K. b) The value in the parenthesis is fixed (see text).
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Fig. 3. Results of various j(f) = —[dg/d¢], determined by
RRS vs. time. The variations along (i) and (ii) in Fig. 2
are shown by jx(¢) and jy(¢), respectively; jr(¢) is the
sum of jx(t) + jy(5).

8j(Tn) = j(T) = j(Tu1)  (n = 1-5). &)

Notation of To—Ts is illustrated in Fig. 3; although every 7, is
indicated separately, To and 7; in step I (and 7, and T3 con-
cerning step II) overlaps, because disappearance of X and
appearance of Ax at step Ix, for example, is assumed to occur
instantaneously. Free energy dissipations, on the other hand,
occur in the periods between 7| and T, via A species and also
between 73 and T4 via B species.

In the numerical simulation to determine the rate co-
efficients on a trial and error basis, two relations have been
derived:’

le=—1/3 and /oy + gy = —1. (6)
(1) When Ixx = —1/3, the general formulas, {§Jx(T,)},
derived previously® are reduced to
3jx(T1) = —(Upx/Lx)x(—Agr)rs;
8jx(T2) = 3(lpx/Lx)X(— Agr)rs;
8jx(13) = —(lsx/Lx)x(—Agr)rs;
8jx(T4) = (2/Lx)x(—Agr)rs;
8jx(T5) = 2(lpx/Lx)x(—Agr)rs, 7
where Lx =2+ 3lgx and r¢ = Ry/N, (named turnover fre-

quency); the free energy fall (—Agr) may be evaluated from
the chemical potentials by

—Agr = u(CO(g)) + (1/2)14(02(2)) — u(CO(2)), ®)

which was 229.2kJ under the experimental conditions (see
Table 1).

(2) We adopted lgy = —1/2 in this work (and then /5y =
—1/2), instead of the value of —0.505 determined previously®
(the deviation from —1/2 will be discussed below). Then, the
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general formulas, {8Jy(T,)}, derived previously9 reduced to

§jx(T1) = y(—=Agr)rs;
8jx(T2) = =2y(=Agr)rs;
8jx(t3) = y(—=Agr)rs;
8jx(Ta) = 2y(=Agr)rs;
8jy(Ts) = —y(—=Agr)rs. (€))
The values of x(—Agt) and y(—Agr) in Egs. 7 and 9 mean
the free energy falls in the course of (i) and (ii), respectively.
(3) Since both step I and II are assumed to occur instantane-
ously (like a collision), the total free energy change at each
step would vanish (in analogy with momentum conservation
at the collision):

8jx(T1) + 8jy(t1) =0 (10
3jx(T3) + 8jy(13) =0 (11)

These relations combined with x +y = 1 lead to
x=(2+3lpx)/(2+4lgx); y=Ipx/2 +4lpx). (12)
(4) From Eq. 7,
8jx(T2) + 8jx(Ta) = x(—Agr)rs, 13)

which means that the sum of free energy dissipations via Ax
and By is constant irrespective of the value of Igx. On the
other hand, Eq. 9 lead to

8jv(T2) + 8jy(T4) = 0, (14)

which means that the dissipations via Ay and By are cancelled
out in the course of the reaction.

Formulas of j’s. The formula of jx(7,) (or jy(T,)) is given
by the sum of §;’s in Eq. 7 (or Eq. 9):

@) =D 8jx(Tn) jx(T) =Y 8jv(Tu), (15)
m=1 m=1
provided that jx(To) = jy(To) = 0.
(1) At first, the sum of them

Jr(Tn) = jx(Ta) + jy(Th), (16)

is considered.
Substituting Eqs. 7 and 9 into Eq. 16 and considering x and
yin Eq. 12, we obtain®

J1(T2) = y(—Agr)rs, (17
and

Jr(Ta) = x(=Agr)rs. (18)

Here, a falls model is introduced: it was assumed that j1(T,)
can be expressed by a linear function of 7 describing an uni-
formly accelerated motion (in analogy with gravity) as shown
in Fig. 3:

Jr(®) = frt; fr = x(—Agr)rs/tL

where f;, means the elapsed time of reaction. According to the
falls model (i) the free energy gr(f) corresponds to the height
of water at a time, (ii) the time derivative —dgr(¢)/dt = jr(?)
corresponds to the change in the falling speed, and (iii) the
acceleration of —dng(t) /dt? = djr()/dt = fr corresponds to
the acceleration of gravity.

0O <t<n), (19)
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If Igx = 0.904 (see Table 1) is accepted, Eq. 12 leads to
x =0.839 (or y =0.161). (20)

The boundary between species A and B is given by (y/x)f. or
0.192#, which is indicated by 7. in Fig. 3; Aty = t. and Atg =
1, — t. are introduced for convenience.

(2) Both jx(#) and jy(f) are shown together versus ¢ in
Fig. 3, of which components, {8Jx(T,)} and {6Jy(T,)}, are in-
dicated by the triangles and circles, respectively. Their explicit
formulas are expressed as follows:

(a) In the period of Ata (71 £ T £ T5), we have

Jx (@) = 6jx(T1) + faxt; fax = 8jx(T2)/ Ata. 20

Substituting the parameters in Table 1 into §jx(T;) and
8jx(T2) given in Eq. 7 affords

Jx(@) = n{=1+(3/0.192)t/1)}(=Agr)rs,

= jax(0) (22)
where
1N = —=8jx(T)/{(—Agr)r}. (23)
Similarly, we have
Jy(®) = 8jy(T1) + favts fay = 8jv(T2)/ Ata. (24)

Substituting the parameters in Table 1 into §jy(T;) and
8jy(T2) given in Eq. 9 gives

Jy(@) = n{l —(2/0.192)(¢/1L)}(—AgT)rs

= jay(®), (25)

where

n = 8jy(t)/{(—=Agr)rs} (=Y). (26)
(b) In the period of Afg (T3 £ T £ 1y), in a similar way to
AtAy

ix(®) = jx(t3) + faxt; fsx = 0jx(T4)/ Atg, 27
and

Jy(® = jy(t3) + feyts foy = 8jv(T4)/ Ats, (28)
which lead to

Jx(0) = [{n — 0.441(z:/1L)} + 0.441(z/1)1(— Agr)rs
= jex(®), (29)
and
Jy(®) = 2.48n{—(t:/1) + /1)) (—Agr)rs
= jpy(®). (30

The results for various f’s determined above are shown
versus ¢ in Fig. 4.

(c) The changes in —3,x(T;) and §jy(T;) at step I occur in-
stantaneously. Therefore, they may be regarded as “impulse”
or momentum change at the collision between X and Y spe-
cies; the results are valid also at step II. The impulse is dem-
onstrated by the triangle in Fig. 4, where 7) is defined by

=3jx(T)/{(=Agr)rs} = Sjy(T)/{(—Agr)rs}
= —8jx(T3)/{(=Agr)rs)
Sjv(T3)/{(—=Agr)ry =n.  (31)

(1) Because step III was

Regeneration of Active Site.
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Fig. 4. Driving force f vs. t; f is given by dj(¢)/dt from j(r)
shown in Fig. 3, i.e.,, f=dj@)/dt; fr = fa+ fs. The
triangle represents “impulse” at step I, II, or III due to
the collision between the species belonging to (i) and (ii).

assumed to occur instantaneously, we have a restriction similar
to Egs. 10 and 11:

3jx(Ts) + 8jy(Ts) = y(— Agr)rs, (32)

which is illustrated in Fig. 3; it seems that y(—Agr)rs corre-
sponds to the power produced in the reaction for Z leaving a
surface.

By analysis of time-of-flight spectrum!?> or IR-emission
spectrum,13 it has been found that a CO, molecule leaving a
platinum surface has excess translational, rotational, and vibra-
tional energies. The hyperthermal energy corresponds to
y(—Agr) indicated in Fig. 3. The value of y(—Agr) was
36.90kJ (=4440K x k) in this work, which is comparable
to the sum of those obtained by the two kinds of spectrum
analysis.

Substituting the relation of §jx(Ts5) = —28x(T;) given in
Egs. 7 into Eq. 32 gives

3jy(Ts) = —y(—Agr)rs, (33)

where 1) is replaced by y. Because §jy(Ts) can be regarded as
the power required to regenerate the active site as shown by @
in Fig. 3, the reaction can be written as

X+Y+@—>Z"+@ 34)

where Z* means that the product Z leaving catalysts has the
hyperthermal energy. Since the power for @ is always ac-
companied by the power of y(—Agr)rs for Zy (see Fig. 2), @
is assigned to the site where By is located.

Since Gibbs free energy must decrease at any moment, tran-
sition Y — Ay at step I (see Fig. 3), for example, would play
an active role, whereas transition X — Ax plays a passive role
in the collision. In a similar way, the transition Ay — By at
step II and also Bx — Zx at step III are expected to play
active roles, whereas the other transitions of Ax — Bx and
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By — Zy play passive roles. Consequently, it is concluded
that half of the impulse due to Bx — Zx is spent for the regen-
eration of active site (=@(—Agr)rs) and the other half is spent
for the production of excited molecule (=y(—Agr)r); if gy <
—1/2 has been adopted in above section, we would have the
result of y < @.

Change in Height. (1) Integration of the linear function of
Jr(®) given in Eq. 19 yields

gr() = —(1/2) 7, (35)

provided that gr(0) = 0. On the other hand, according to
Eq. 18, the value of gr(#1) is expected to be given by (see
Fig. 5)

gr(fL) = —x(—Agr). (36)
Comparing Eqgs. 35 and 36, we have
fr=2x(=Agn)/n’. 37)

The different expressions for fr given in Eqs. 19 and 37
lead to

re =2/t. (38)

(2) Integration of jax(#) and jay(?) in Egs. 22 and 25 leads
to the change in height, respectively:

gax(t) = n{2(t/1) — (3/0.192)(t/1L)*}(— Agr), (39)
and

gav(t) = 2n{=(1/n) + (1/0.192)(1/10.)*}(— Agr),  (40)

where r; is replaced by 2/1 .
In a similar way, the integration of Eqs. 29 and 30 leads to

gex(?)
= {0.0146 — 0.1528(1/1) — 0.4405(t/1.)*}(—Agr), (41)
and
gy ()
= [—0.0146 4+ 0.95n(t/1.) — 2.4750(t/1.)*1(— Agr). (42)

Here, the integral constants for gax(f) and ggx(#) and also
those for gay(?) and ggy(#) were chosen so as to be continuous
at step I and 11, i.e.,

8ax(0) = gay(0) = 0; gax(tc) = gx(t); gay(te) = gpy(fe). (43)

These functions as well as gr(f) are shown together in Fig. 5. It
is noted that the difference between the gradients on both sides
of t=0 (at step I) and also those on both sides of t =1,
(at step II) are proportional to 1 so that every gradient is not
continuous at the boundaries of step I and II.

It should be emphasized that g(¢) and f are correlated with
each other by d?g(r)/dr> = —f and both of them are character-
ized by the same number of the kinetic parameters. However,
g(t) appears more complicated than f as compared in Figs. 4
and 5 so that f would be effective rather than g(#) to describe
coupling among the elementary steps and relations among the
intermediates.

Every g(t) is a parabolic orbital. The unusual orbital of
gay(?) arises from the negative fay, which arises from the cor-
relation of fax + (—fay) = fr (>0) (see Fig. 3 or 4). It seems
of interest that “enthalpy unfavorable process” is found in CO
adsorption on O-saturated Ag/Pt(110) composite surface, i.e.,
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Fig. 5. (a) Gibbs free energy g(¢) vs. the reduced time t/1;,
in (i) and (ii); the gradient —dg(#)/dt of each curve agrees
with j(#) shown in Fig. 3. (b) Those over the whole range
of reaction; gr(t) = ga(?) + gg(#). The reaction coordinate
T proportional to gr(¢) is demonstrated.

the surface species may migrate from strongly bound sites to
weakly bound sites.!'*
Rate Oscillation

dst"™"/dt Due to jp(f). In a non-equilibrium system, the
catalyst temperature T, is different from that of thermal sur-
roundings, Tinerm. The rate of entropy of universe, ds"Y /dr,
can be expressed by’

ds"™ /dr = {x(—Agr) + ST(AsD}Irs/ Tinerms (44)
where

Tiherm = Tear + 6T, 45)
and Ast denotes the entropy fall defined by

—Ast = 5(CO(g)) + (1/2)s(02(g)) — s(COx(g)).  (46)

Because the condition of |6T| < Tierm is satisfied in this
work,

dsr"™/dt = x(—Agr)rs/ Tonerm (47)
which can be rewritten using Eq. 19 as
dsy™™(eL)/dt = jr(tL))/ Tonerm- (48)

dst"/dt Due to Heat Flow. The heat of reaction may be
expressed by

—Ahr = H(CO(Q)) + (1/2)h(02(2)) — K(COx(g)), (49)
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in terms of the molar enthalpy A of each component; —Ahy
was 283.6kJ at 623K (see Table 1).1°

The reaction coordinate 7 adopted in Eq. 3 can be translated
to ¢ by the function of

(1) = (1/2)art?, (50)
which is proportional to gr(f) as indicated in Fig. 5. If
T(r) = 1, then

ar =2/n’% (51)
The heat of reaction generated in the course of reaction, g (7),
may be expressed by

q+(1) = (= Ahr)(dT/dr) = (= Ahr)ort. (52)

On the other hand, outflow of the heat from catalysts to
thermal surroundings, g_(f), may be expressed by

q-() = ATear — Tiherm)s (53)

where A denotes the thermal conductivity.
Heat balance of ¢ (#) = g_(#) has to be maintained through-
out the reaction in the steady state and thus

Tear — Tiherm = {(_AhT)aT//l}t’ (54)

which means that the difference between T, and Tiperm in-
creases with an increase in ¢. Actually, temperature variations
of several tens of degrees during rate oscillations on a support-
ed Pt catalysts have been observed.!®

On the other hand, the rate dst"™"(¢) /dt due to g_(t) may be
expressed by

dst"™ (0)/dt = q_(1(—1/Tear + 1/ Tiperm) (55)
Considering Egs. 52-54 in Eq. 55, we have
dsp"™(0)/dt = (= Ahr o /(A TeaToem)}. (56)

Source of fy. The function dst"V(¢)/dt in Eq. 56 has to
agree with Eq. 48 at r = 1, and thus

(= AhrY’or®t? /A Tew = X(—Agr)rs. (57)

Substituting o in Eq. 51 and rg in Eq. 38 into Eq. 57, we can
derive the final expression for 7 :

1/t = (1/2)ATeax(— Agr)/(— Ahr)? (58)
such that
ry =2/t = ATeux(—Agr)/(— Ahr). (59)

Substituting Eqs. 58 and 59 into fr given in Eq. 19 gives
fr = (1/DATa) (x(~Agn)Y /(= M) (60)

It is worth noting that A plays an important role in ry and ft,
especially since ry is proportional to A.

Origin of Rate Oscillation. Although rate oscillation was
not observed in this work, oscillatory behavior for CO oxida-
tion has often been observed.*> The origin of oscillation may
be explained as follows: (1) The heat of reaction g, (f) in-
creases linearly with ¢ while dst""" () /df due to g_(f) increases
with £ as expressed in Eq. 56. Therefore, the heat balance of
q+(t) = q_(¢) would be broken at 7. (2) Equation 56 means
that st""(¢) is proportional to #3, of which behavior is demon-
strated in Fig. 6. The period of the oscillation would be longer
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Fig. 6. Periodic oscillation of st""V(¢) vs. t. (#) induction
period; (7.) elapsed time for the reaction.

than ., because the induction period 1 is positive in general;!”
synchronization among active site N, would proceed during
the period. It should be emphasized that the entropy of uni-
verse, a measure of deviation from an equilibrium state, in-
creases acceleratedly with time. (3) The alternative effects of
fAyAlA = —fgyAlB (see Flg 4) due to Iay +Ilgy = —1 in
Eq. 6 would cause a periodic oscillation. (4) Oscillatory reac-
tions are usually accompanied by spatio-temporal pattern for-
mation. During Afs and Atg, A and/or B species are expected
to diffuse over catalysts. If the distance is z, then 7, may be
translated to the spatial period z;, (=z(#)) of the spatio-tempo-
ral patterns.

Discussion

Evidence for the Reaction Mechanism. The three
elementary steps, I, II, and III, correspond to the fundamental
processes of adsorption, surface reaction, and desorption, re-
spectively. Therefore, it may be regarded as a basic model
for a catalyzed reaction of gases. On the other hand, the two
intermediates, A and B, are supported by spatially resolved
techniques as follows: (1) Surface reconstruction model
suggesting two kinds of intermediates is a generally accepted
explanation for the complex behavior of CO oxidation on
platinum:* (a) fcc bulk structure (I x 1) — “missing-row”
(1 x 2) on Pt(110) and (b) bulk-like (1 x 1) — quasi-hexago-
nal (hex) on Pt(100). The two different intermediates, Ax and
Bx and Ay and By, could be attributed to the two kinds of
surface.

From an in situ X-ray diffraction experiment, a periodic oxi-
dation and reduction of Pt metals takes place during rate oscil-
lations in catalytic CO oxidation on a supported Pt catalysts.'®
Periodic changes in CO-covered 1 x 1-c(2 x 2) phase and re-
constructed hex phase on Pt(100) have been demonstrated by
in situ LEED measurements.'® It has been shown further in
CO oxidation on Pt(110) that the presence of the gas phase
at high pressures of ca. 100 Pa can stabilities surface structures
by using scanning tunneling microscopy inside a high-pressure
flow reactor and there is a strict one-to-one correspondence
between the surface structure and the catalytic activity.!’

(2) Ax and Bx species may be assigned to the linearly
adsorbed CO species on Pt/Al,03; observed by FT-IR.? Ay
and By may be regarded as the chemisorbed oxygen and
subsurface oxygen, respectively.?! It has been shown on
Pt(100) that the conversion of chemisorbed oxygen to subsur-
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face oxygen starts from the interface between hex and 1 x 1
surfaces and proceeds toward the interior of the island as a
wave; the entire chemisorbed oxygen island has converted to
subsurface oxygen.?>?? In addition, the conversion of chemi-
sorbed oxygen to subsurface oxygen is accompanied by the
disappearance of the surrounding CO islands, which supports
the simultaneous change of Ax <> Bx (at step IIx) and Ay <
By (at step IIy) in Eq. 11;% the reverse of Ay < By may
be neglected, because the value of k_gy in Table 1 was neg-
ligible.

Relaxation Times of AA and AB.
Egs. 10 and 11 lead to

The restrictions of

(Max — Mx) + (Uay — Uy) =0, (61)

(Mpx — Max) + (Ugy — Uay) =0, (62)
respectively, which can be rewritten as

Max + Hay = Ux + Ky, (63)

Mpx + Mgy = Max + Hay- (64)

Since Eqs. 63 and 64 mean local equilibriums at step I and II,
the reverse reaction at each step is possible.

The material balance for Bx species, for example, may be
expressed by

dBx/dt = Syx — (S—mx + Rx) — Ry, (65)

where Sy, for example, denotes the forward reaction rate at
step IIx. When the steady state is perturbed harmonically,
(see Fig. 2)

ApdBx/dt = kax* ApAx
— (k_px + knx™)AwBx — kpy*AwBy,  (66)

where the subscript @ is added in order to emphasize the
harmonic oscillation.

If A,Sux and Ay Ry are stopped abruptly at a moment, then
the deviation from the steady state at the moment, ABx, would
decrease according to the rate equation:

AdBx/dt = —(k_px + ksx)ABx, (67)
where @ = 0 is considered. Equation 67 leads to
ABx(t) = ABx(0) exp{—(k_px + kgx)1}. (68)

The relaxation time of ABx(0) is given therefore by
(k_px + ksx) ™"

The results of k’s in the course of (i) corresponding to com-
ponent X were one or two orders of magnitude larger than
those in (ii) corresponding to component Y (see Table 1). It
was therefore concluded that relaxation time of AAx and
ABx was on the order of 1s, while that of AAy and ABy
was on the order of 1 min. It agrees with the fact that only
diffusion of adsorbed CO has been considered in a standard
kinetic model for the reaction.*?*2

Flow of Gibbs Free Energy. (1) The appearance rate of
Z was perturbed by A, Px(f) and A,Py(?) in this work. The
variation was expressed well by a linear function:®

ApR(t) = Hx* ApPx(t) + Hy ™ Ay, Py (D), (69)

where Hx™® and Hy™ represent complex functions involving
the sixteen rate coefficients as well as w.
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It was found that contribution of Hy®A,Py(t) to A,R(f)
was superior to Hx™*A,Px(¢) and phase difference between
AwR(t) and Hx* A, Px(t) was very larger than that between
ALR() and Hy*A,Py(t).° The results are consistent with
the facts that the overall free energy dissipations, x(—Agr)rs,
have been attributed to (i) corresponding to species X, whereas
the dispersions in the course of (ii) corresponding to species Y
cancel out.

(2) Although the reaction mechanism contains many kinetic
coefficients, the falls model is characterized by only two pa-
rameters, Igx (or x) and A, provided that ry is known. It is
noted that 7, r, and fr in Eqgs. 58-60 are characterized by x
and A and x is correlated to lgx by Eq. 12. This means that
the two parallel transformations, (i) and (ii), are strongly cou-
pled over catalysts, which denies the global coupling through
gas phase supposed.’

(3) Only /gx among all I’s was positive, which means

dIn fipy/d1nBx <0, (70)

suggesting that step IlIx appears to be a unique step.

(4) Although the impulse at step IlIx plays an active role in
Eq. 34, the physical meaning is unknown.

Support for Dissipative Structure. The system of X +
Y — Z in a steady state may be regarded as a kind of dis-
sipative structure, because (1) (—Agr) indicates distance from
thermodynamic equilibrium, (2) y(—Agr)rs corresponds to
momentum produced by consumption of x(—Agr)rs, (3) the
rate oscillation of ¢ arises from the destruction of heat balance
of g+ = q_, and (4) surroundings characterized by A are indis-
pensable for the structure to be supported.

It should be emphasized that fr that supports the structure
arises spontaneously from the interaction between catalysts
and thermal surroundings, and therefore, an autocatalytic reac-
tion, such as A + X < 2X postulated,l is not required in this
kinetic model.

Application to Other Reactions. The reaction mechanism
is probably oversimplified. However, it may be a basic mech-
anism in an associative reaction expressed by X +Y — Z. For
instance, a catalyzed hydrogenation of ethene may be divided
into two parallel transformations of

(1) Hy(X) < 2H(Ax) < HGH,. . . H(Bx) —» HC,H;H(Zx),
and
(ii) CoH4(Y) <> CH4(Ay) <+ HC,Hy(By) — HC;HyH(Zy),

so that the falls model would be applicable.
In order to apply RRS to any reaction, the condition

|APw(w)/APy(w)| — 1 # 0 (71)

should be satisfied,? because deviation from unity is attributed
to reaction-rate, where W denotes X, Y, or Z (see Fig. 1a) and
0 is an inert gas added as a reference gas, e.g., Ar in this work.’
The condition is expected to depend on partial pressure and
temperature of the reaction as well as w.

Conclusion

The falls model based on f derived from j(t) is effective to
describe quantitatively a variety of couplings contained in a
CO oxidation that are difficult to be found by spatially resolv-
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ing techniques. The RRS based on —dG(7)/dt, instead of
—G(7) in a TS theory, would be valid to study kinetics of a
dissipative structure that is dominant in nature.

Similar data analysis for Ru with lgx = 0.501° were possi-
ble and similar results to those of Pt reported in this work were
derived. However, RRS data for Cu were insufficient to obtain
reliable parameters; more accurate investigation is required.
Application to a preferential CO oxidation in hydrogen seems
to be of interest because of practical importance, and extend-
ing the work to a dissociative reaction, such as Z - X+,
seems to be of theoretical interest.

The author wish to thank Dr. F. Nemoto (Osaka Institute of
Technology) for fruitful discussions about the falls model.
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