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It is not so difficult to detect adsorbed atoms and molecules on solid surfaces, but their reaction processes
are still difficult to direct. Catalysis is caused by the ensemble operation of their reaction via intermediates
on active sites, and suitable elementary reactions are supposed to explain the catalysis. Accordingly,
unsettled problems in catalysis are caused by our lack of knowledge about the dynamics of elementary
processes. In this paper, activity of the catalyst is discussed from the following points; (i) activation
ntermediates
urn over frequency
ole of promoter
urface restructuring
Ox reduction
lefin metathesis

by restructuring, (ii) activation by forming active sites and reactive intermediates, (iii) site dependent
turnover frequency, and (iv) role of promoting materials.

© 2010 Elsevier B.V. All rights reserved.
ROX reaction of CO
somerization and hydrogenation of olefins

. Introduction—what we know and what we do not know

Before 1960, catalysis was explained by reaction kinetics,
ecause we had no tools to inspect the catalyst surface. At the
resent time, we can inspect not only the lattice atoms but also
dsorbed atoms and molecules on the surface. However, it is still
ifficult to detect the reacting process itself, which involves trans-
ort of atoms and molecules and intermediates to active sites and
xthothermic and endothermic elementary reactions. Therefore,
atalysis taking place on the surface is explained by assuming
uitable elementary reactions. In 1921, Langmuir [1] observed
oughening of catalyst surface and postulated catalysis on sites
ith suitable lattice distances. About 40 years later of 1964, Germer

2] wrote in his review “the most significant result that has been
btained up to this time from LEED studies is the observation of
reconstruction”.

However, it was still difficult to get reliable data of the adsorp-
ion of simple molecules on clean and well-defined surfaces in
960, and thermo-dynamical data were obtained by using evap-
rated metal films, as summarized by Bond [3] in his book.
ccumulation of the data, however, helped us to consider how the

eaction was promoted on metal surfaces. For example, Sachtler
nd Reijen [4] showed a volcano-shaped relationship between the
ctivity of metals in the decomposition of HCOOH and the stabil-
ty of metal formate, which was compatible to Sabatier’s empirical
rediction, and Tanaka and Tamaru [5] showed a general tendency
f metals in the adsorption of various molecules. On the other hand,

E-mail address: ktanaka@sit.ac.jp.

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.03.015
an idea of active sites proposed by Taylor [6] for adsorption of
molecules has been accepted as the catalysis by specific sites. For
example, Thomson and Wishlade [7] demonstrated, using radioac-
tive ethylene–C14, that a limited part of a Ni-film was active for
the hydrogenation of ethylene. In this circumstance, Tamaru [8]
showed the importance of studying the real intermediates and their
dynamics during catalysis, because observed adsorbed species are
not always the reaction intermediates.

In the early 1970s, Somorjai and coworkers [9,10] challenged
the pioneering works on catalysis using well-defined single-crystal
surfaces. A typical result was the structure-dependent activ-
ity of single-crystal Fe surfaces in ammonia synthesis reaction,
Fe(1 1 1) � Fe(1 0 0) � Fe(1 1 0). He also showed notable promoting
effect of Al2O3 on the activity of Fe surfaces in ammonia synthesis
reaction. By the deposition of 2-monolayers of Al2O3 and subse-
quent treating in H2O at 723 K, the Fe(1 0 0) and (1 1 0) surfaces
change to highly active surfaces being almost equal to that of the
Fe(1 1 1) surface [11]. The reaction mechanism of ammonia syn-
thesis as well as ammonia decomposition has been widely studied
on various metals, and it is deduced that the dissociation of N2
(desorption of N2 in the decomposition reaction of NH3) is the
rate-determining step of ammonia synthesis reaction on various
metals. Accordingly, we could say that activity in the dissocia-
tion of N2 is responsible for the activity in the ammonia synthesis
reaction. If this is the case, the dissociation rate of N2 (or the

recombination rate of N atoms) on Fe surfaces should be enhanced
in the presence of Al2O3, but the mechanism of enhancement is
still unsettled. The role of Al2O3 in ammonia synthesis reaction
is undoubtedly an interesting subject in the area of promoting
materials.

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ktanaka@sit.ac.jp
dx.doi.org/10.1016/j.cattod.2010.03.015
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ig. 1. (a) (–Cu–O–) Chain prepared on an Ag(1 1 0) surface and its decomposition in
(–Cu–O–) chain by exposing a (Cu2)3/Ag(1 1 0) surface to O2 at room temperature

In 1983, a landmark paper was published by Binnig et al.
12], which demonstrated the potential of scanning tunneling

icroscopy (STM) to inspect the solid surfaces at atomic resolution.
n 1987, Ertl and coworkers [13] applied an STM to the adsorption of
xygen on a Cu(1 1 0) surface, and showed the reconstruction of the
u(1 1 0) surface in the real space. In 1991, Tanaka and coworkers
14] shed light on the mechanism of continuous structure change of
he Ag(1 1 0) surface from p(7 × 1) to p(2 × 1) with increasing oxy-
en coverage. In the same year, Nielsen et al. [15] demonstrated that
ormation of a (1 × 2) Ni(1 1 0)-H surface in H2 at room temperature
as different from the (1 × 2) Ni(1 1 0) surface induced by pairing of
i rows below 220 K. They also reported compression of the array
f (–Ni–O–) from (3 × 1) to (2 × 1) by growing (–Ni–H–) strings in
2 [16]. Tanaka [17,18] explained these real space restructuring
rocesses by a new concept of “quasi-compound”, which is sta-
ilized by a periodic interaction with a surface. According to this
oncept, formation of a quasi-compound of (–Cu–O–) strings on
g(1 1 0) surface was demonstratively shown [19,20]. Reversible

ormation and decomposition of the quasi-compound of (–Cu–O–)
trings on an Ag(1 1 0) surface are shown in Fig. 1(a) and (b), where
–Cu–O–) strings arrayed with a (1 × 3) periodicity on an Ag(1 1 0)
urface undergo decomposition along the phase boundary of the
1 × 3) structure at ca. 500 K and square (Cu2)3 clusters are formed.
n inset image in Fig. 1(b) shows the atomic structure of (Cu2)3
luster and a Cu2 left from formation of (Cu2)3 clusters.

It is a notable fact that the formation and the decomposition
f quasi-compound of (–Cu–O–) is a reversible reaction on the
g(1 1 0) surface, that is, the (Cu2)3 cluster on Ag(1 1 0) reacts with
2, (Cu2)3 + O2 → (–Cu–O–), at room temperature, as shown in
ig. 1(b). If (Cu2)3 could react with NO to form (–Cu–O–) and N2, a
hermodynamic probable direct decomposition of NO into N2 and
2 would be catalyzed, but no such system has been found.

Somorjai expressed the dramatic change of the catalytic activity
y restructuring and/or modification by an idea of “flexible sur-
ace”, but the mechanism of improvement is still not clear. In this
espect, even if one can inspect the surface at atomic resolution,
he improvement of catalysis is one of the unsettled problems as
iscussed in this paper.

. Activation of catalyst

A catalytic reaction is comprised of several elementary pro-
esses, and the reaction rate and the rate equation (kinetics) depend
n the rat-determining step. Here, I will explain how the activity of
atalyst be changed by (pre-) treatment.
.1. Activation by restructuring

When metals are exposed to reactive molecules, most metal
urfaces are restructured by the adsorption or the reaction of
2)3 dots along the phase boundary of a (3 × 1) array (526 A × 526 A). (b) Growing of
× 260 A). Inset image shows the array of Cu atoms in a (Cu2)3 cluster (37 A × 37 A).

molecules. Accordingly, the catalysis by metals cannot be simply
explained by the original structure and properties of the clean sur-
face.

Here I take up an example of the Pt–Rh alloy surface. Pt–Rh alloy
or bimetal is known as three-way catalyst with high performance
to lower the NOx, CO, and hydrocarbons in automotive exhaust.
The Pt/Rh ratio of the surface is widely changed by the adsorption,
chemical reaction, and temperature. Nieuwenhuis and coworkers
[21] studied precisely the labile property of a Pt0.25Rh0.75(1 0 0)
surface by measuring surface fraction of Pt and Rh atoms. As
shown in Fig. 2(a), the Pt–Rh(1 0 0) surface reaches equilibrium at
temperatures above ∼1000 K (about a half of the melting temper-
ature of Pt (1997 K) and Rh (2249 K)), but the Pt fraction is higher
on the surface compared to that of the bulk below 1400 K. That
is, the equilibrium composition of the Pt0.25Rh0.75(1 0 0) surface
becomes almost equal to that of the bulk fraction at temperature
above 1400 K. However, it was not clear how such surface com-
position influences the catalysis. As shown in Fig. 2(a), the Pt/Rh
ratio changes very slowly in vacuum below 1000 K, but notably the
Pt/Rh ratio changes very rapidly in NO or O2 even at 400 K and
gives a characteristic p(3 × 1) LEED pattern as shown in Fig. 2(b)
[22]. The p(3 × 1) Pt0.25Rh0.75(1 0 0)–O surface is formed by replace-
ment of the Rh atoms in the 2nd layer with the Pt atoms in
the topmost layer in NO or O2. The formation of same p(3 × 1)
structure was confirmed by heating a Pt deposited Rh(1 0 0) sur-
face [23,24] and a Rh deposited Pt(1 0 0) surface [25,26] in O2,
where Pt or Rh was deposited in an electrochemical cell grafted
to the UHV chamber. Fig. 2(c) shows a STM image of the p(3 × 1)
Pt0.25Rh0.75(1 0 0) surface first observed by Tanaka and his cowork-
ers [27], where the Pt and Rh atoms were distinguishable on the
p(3 × 1) Pt–Rh(1 0 0)–O surface by changing the bias potential. An
interesting fact is that the surface becomes active for the reduction
of NO with H2, NO + H2 → N2 + H2O by surface restructuring form-
ing a p(3 × 1) structure as shown in Fig. 2(d) [23,26]. This result
suggests that a specific array of Pt and Rh atoms may give high cat-
alytic activity for the reduction of NO with H2. It was also shown
that Pt/Rh(1 0 0), Rh/Pt(1 0 0), Pt/Rh(1 1 0), and Rh/Pt(1 1 0) bimetal
surfaces became active by restructuring for the reduction of NO
with H2 [28]. Therefore, we deduced that some specific array of
the Pt and Rh atoms induced by the adsorption of oxygen may be
active for the reduction of NO, but it is unsettled how the specific
array of Pt and Rh atoms enhances rate-determining step of NO
reduction.

2.2. Activation by forming active sites and reactive intermediates
In the preceding section, we discussed the activation caused by
surface restructuring. In this section, we focus on the activation by
forming active sites or by providing reactive precursor molecules
during catalysis.
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Fig. 2. (a) Reversible change of Pt fraction of Pt0.25Rh0.75(1 0 0) surface by raising and lowering temperature in vacuum. (b) Changing of the Pt0.25Rh0.75(1 0 0) surface heated
i ) LEED
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n 10−7 Torr of O2 for 5 min at various temperatures. The surface showing a p(3 × 1
t0.25Rh0.75(1 0 0)–O surface. The Pt, Rh and (–Rh–O–) were distinctive at different b
f NO with H2.

Catalysis sometimes is caused by the formation of reactive
olecules or compounds which is an additional new reaction path.
ne example is the reduction of NOx with C3H6 on Ag/Al2O3 cat-
lyst enhanced by H2 [29–33]. The activation was explained by a
tructural change of the catalyst by H2 by Shibata et al. [31], but
reen et al. [32] presumed the formation of reactive C N species
uring catalysis. On the other hand, He and coworkers [34,35] pro-
osed a new reaction path via enolic species (RCH CH–O–). That is,
nolic species are formed by partial oxidation of C2H5OH or C3H6
nd they react with NOx to form reactive Ag–NCO, and finally, NCO
eacts with NO to form N2 and CO2. In this mechanism, providing

nolic species (RCH CH–O–) on Ag/Al2O3 is essential in the cat-
lytic oxidation of hydrocarbon with O2. Interestingly, it was also
hown that enolic species play an important role in burning flame
36]. Nakajima and coworkers found that complete reduction of
Ox with NH3 on Fe2O3–TiO2 catalyst requires a certain amount of
pattern has the constant ratio of O/Rh and Pt/Rh. (c) The STM images of a p(3 × 1)
tentials. (d) p(3 × 1) Pt deposited Rh(1 0 0) surface is active for catalytic reduction

O2 as shown in Fig. 3 [37]. In this case, the NO/NO2 ratio is adjusted
to 1/1 by O2, which is the role of O2 enhancing the reduction of NOx,
but the reaction mechanism with NH3 taking place at NO/NO2 = 1
is not clear.

It is known that some chemical reactions are promoted by some
molecules other than reactants, the enhancement of catalysis by
other than reactants might be similar phenomenon. From this view
point, catalytic reduction of WO3 by H2 in the presence of Pt/Al2O3
is an interesting example. As shown by Levy and Boudart [38], yel-
low WO3 reduces very slowly to blue HxWO3−x/2 in dry H2 at 50 ◦C
in the presence of Pt/Al2O3 catalyst, but changes to blue color very

rapidly at room temperature when H2O or alcohol is contained in
H2. In this case, the mechanism was explained by H2O assisted ion-
ization of H2 molecule forming H3O+ on Pt and its transportation
onto WO3, where the H3O+ reacts on WO3 with electron trans-
ported through the bulk to form blue HxWO3−x/2. This mechanism
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Fig. 4. (a) The flank surface of MoS2 becomes active by adding H2 for the isomeriza-
tion reaction of but-1-ene with an induction time. The experiment was performed
on two MoS2 catalysts of which basal plane areas was nearly equal but flank surface
ig. 3. Complete removal of NOx by NH3 required a certain amount of O2 on the
e2O3–TiO2 catalyst at 350 ◦C. SV = 30,000 h−1.

s analogous to formation of H3O+ in the presence of H2O on the
t-anode of a hydrogen fuel cell, and its transportation through a
olymer electrolyte film onto the cathode.

Another important activation is a self-activation of catalyst by
eactant molecules. In this case, it is difficult to recognize the acti-
ation the presence of a detectable induction time. Catalysis on a
ayer compound of MoS2 is a good example. The basal plane of MoS2
s completely covered with a sulfur layer and catalysis is caused by
he flank of MoS2 crystal. Fig. 4(a) shows the activation of single-
rystal MoS2 flakes, where the flank surface becomes active for the
somerization of but-1-ene with an induction time by adding H2.
he activation the flank surface is explained by the formation of
o–H and H–Mo–H sites in H2. When H2 was added to but-1-ene

n ordinary fine powder of MoS2, the isomerization reaction as well
s the hydrogenation of but-1-ene occurs with no induction time
s shown in Fig. 4(b).

Such simultaneous isomerization and hydrogenation of olefins
as explained by a mechanism of so-called the Horiuti–Polanyi

ype, presuming a common alkyl intermediate for the hydrogena-
ion and the isomerization of olefins. That is, the isomerization is
xplained by a reverse reaction from an alkyl intermediate for the
ydrogenation reaction. However, addition of D2 (deuterium) to
ut-1-ene on the MoS2 catalyst yielded but-2-ene-[2H]0 in more
han 90% ([2H] denotes the D atom) but the hydrogenation reaction
ielded butane-1,2-[2H]2 in more than 80%, as shown in Fig. 4(b).
his result is evidently disagreement with the Horiuti–Polanyi
echanism, that is, the sec-butyl for the isomerization is not the

ntermediate for the hydrogenation of but-1-ene. We can conclude
hat the two reactions proceed via alkyl intermediates but occur on
ifferent active sites [39,40].

Different coordinative unsaturation of the Mo atoms on the flank
urfaces of MoS2 is responsible for the formation of different func-
ional sites by exposing to H2. Formation of different functional sites
n MoS2 was also proved by the isotope scrambling in a mixture
f C2H4/C2D4 (3/2) + H2/D2 (2/3), that is, the isotope scrambling
n C2H4 + C2D4 ↔ C2H3D + C2D3H and that in H2 + D2 ↔ 2HD pro-
eed independently [40,41]. Existence of different functional sites
s also essential to consider the scientific meaning of the turnover
requency per site as will be discussed in the next section.
.3. Site dependent turnover frequency

Turnover frequency (TF) is defined as the activity per site. How-
ver, real reaction may not occur as assumed in the definition. That
s, TF may depend on the size of particles and on local configura-
areas was markedly different. (b) Hydrogenation and isomerization of but-1-ene was
simultaneously enhanced by adding D2. Hydrogenation yielded butane-1,2-[2H]2 in
more than 80%, but the isomerization reaction taking place simultaneously yielded
but-2-ene with no deuterium [2H] atoms.

tion of active sites. In fact, the TF for an olefin metathesis reaction
markedly depends on the configuration of active sites as shown in
this section.

MoO3 film sublimated on a quartz wall of reactor had no activ-
ity for any reactions such as hydrogen exchange, isomerization,
hydrogenation, and metathesis of olefins. However, if an olefin is
condensed on this inactive MoO3 film at liquid nitrogen and then
treated with H atoms, the surface changes to a superior active cata-
lyst for olefin metathesis reaction but no other reactions occur [43].
Similarly, if Sn(CH3)4 is adsorbed on the inactive MoO3 film at room
temperature, the MoO3 film changes to a superior active catalyst
for the olefin metathesis reaction as shown in Fig. 5 [42,43]. As no
hydrogen scrambling occurs during metathesis reaction of olefins
on this activated MoO3 catalyst, productive metathesis (r1) and
degenerate metathesis (r2) of propene can be measured by using
a mixture of propene–[2H]6 and propene–[2H]0 according to Eq.
(1). The result showed that the two metathesis reactions occurred
by a ratio of (r2)/(r1) = 10–27. That is, degenerate metathesis (r2)
is one order of magnitude faster than productive metathesis (r1).
Why the TF differs more than 10 times between the degenerate and
the productive metathesis of propene?
(1)

It has been established that olefin metathesis reaction proceeds
via metalla-cyclobutane intermediates in homogeneous catalysis.
If the olefin metathesis on this MoO3 catalyst proceeds also via
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Fig. 5. Metathesis reaction of propene at room temperature on a MoO3 film and a
MoO3 functionalized by reacting ethylene (�) or roppene (©) adsorbed at liq. N2

temperature with H atom.
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cheme 1. An over-all mechanism of propene metathesis reactions via metalla-
yclo butane intermediates. Relative TF for the metathesis reaction is cycle-1/cycle-
(a)/cycle-2(b) = 1/10–30/100–900.

etalla-cyclobutane intermediates, an over-all mechanism of the
etathesis reaction of propene is described in Scheme 1, where the

eaction (r1) in Eq. (1) is given by cycle-1 and the reaction (r2) is
iven by cycle-2(a) and cycle-2(b). In this reaction scheme, alter-
ative reaction of propene with Mo CH2 and Mo CHCH3 sites in
ycle-1 gives the productive metathesis, and the reaction in cycle-
(a) and cycle-2(b) gives the degenerate metathesis. Orientation of
ropene molecule in a precursor state, either (I) or (II) in Scheme 2,
ecides the reaction going on the productive reaction (r1) or the
egenerate reaction (r2). The value of r1/r2 = 10–27 proves that
ropene molecule prefers to take an orientation (II) on either the
o CH2 or the Mo CHCH3 site.
Another interesting problem is the relative contributions
f cycle-2(a) and cycle-2(b) in Scheme 1 in the degenerate
etathesis of propene. This task was solved by performing the
etathesis reaction between Z-propene-1-[2H]1 and CD2 CDCD3.

f the degenerate metathesis of propene proceeds via metalla-

Scheme 2.
154 (2010) 105–112 109

cyclobutane with two substituted methyl groups as in cycle-2(b), a
daughter molecule would keep the Z-conformation of D to CH3 of
the parent Z-propene-1-[2H]1 molecule, and E-propene-1-[1H]1 is
formed as described by Scheme 3 [44].

The result showed that the E-propene-1-[1H]1 was ca. 80%
in Scheme 3. Therefore, the degenerate metathesis is predom-
inantly catalyzed by Mo CHCH3 sites, that is, the degenerate
metathesis occurs predominantly by cycle-2(b). Taking these
results into account, the relative contribution was deduced to be
cycle-2(a)/cycle-1/cycle-2(b) = 1/(10–30/)/(100–900) in the total
metathesis reaction of propene. This is the first result showing real
meaning of the TF per site. In other words, the scientific meaning
of the traditional TF is not self-evident, that is, it is not necessarily
correct to take a constant TF per site on particles when the size,
morphology, and/or construction are different.

2.4. Role of promoting materials

It is well known that a small amount of additives can markedly
change the activity and/or the selectivity of catalysts. In contrast, it
is also known that the activity is influenced by supporting materials
and in some cases improved by adding a large amount of promoting
materials. In this section, the discussion is focused on large amounts
of additives being indispensable in catalysis.

Effect of Al2O3 on ammonia synthesis reaction catalyzed by
Fe surfaces [10] is a symbolic phenomenon of promotion by a
large amount of additives. Well-defined Fe crystal surfaces have
an activity sequence of Fe(1 1 1) � Fe(1 0 0) � Fe(1 1 0) for ammonia
synthesis reaction, but the Fe(1 1 1), Fe(1 0 0), and Fe(1 1 0) surfaces
covered with 2-monolayers of Al2O3 gave almost equally high cat-
alytic activity for ammonia synthesis if these surfaces are treated
in H2O at 723 K. There is a long history of the ammonia synthesis
reaction, and the reaction mechanism has been widely studied on
various metals. It is now accepted that the dissociation of N2 in
a sequential mechanism of 1/2 N2 → N → NH → NH2 → NH3 is the
rate-determining step, and that the recombinative desorption step
of N2 is the rate-determining in the reverse ammonia decomposi-
tion reaction. Therefore, we expect that the dissociation of N2 on Fe
surface is improved by Al2O3, and the desorption (recombination)
of N2 from Fe surface is also enhanced by Al2O3. About the desorp-
tion of N2, an interesting phenomenon was observed on a Pd(1 1 0)
surface, that is, the special distribution of N2 depends on the forma-
tion mechanism of N2; N(a) + N(a) → N2, NO + N(a) → N2 + O(a), and
catalytic reaction of NO + H2 → 1/2 N2 + H2O on a Pd(1 1 0) gave dif-
ferent special distributions of N2 [45–48]. In this respect, the effect
of Al2O3 on the spatial distribution and the kinetic energy of N2
desorbing from Fe surface is quite interesting.

Another example is the activation of a Pt(1 1 1) surface for the
oxidation of CO by CeO2 layers reported by Lambert and his cowork-
ers [49]. They showed that the adsorption of CO on a Pt(1 1 1)
surface decreased with increasing amount of CeO2 deposited on the
surface and no adsorption of CO occurred when the Pt(1 1 1) surface
was covered with about 1.5 monolayers of CeO2, and the activity
for the oxidation of CO was markedly suppressed with increas-
ing amounts of deposed CeO2. However, the catalytic activity was
suddenly improved when the deposition of CeO2 on the Pt(1 1 1)
surface was more than two monolayers. This phenomenon cannot
be explained by the reaction taking place on Pt(1 1 1) surface, but
the mechanism is still unsettled.

Recently, we found the oxidation of CO in H2 on a Pt/TiO2 catalyst
was markedly improved by loading the Pt/TiO2 with a large amount

of FeOx [50,51]. Fig. 6(a) shows a typical result of the oxidation of
CO in a flow of a mixture of CO (3.0 ml/min) + O2 (1.5 ml/min) + H2
(20 ml/min) + N2 (75.5 ml/min). As it will be discussed below, low
temperature oxidation of CO is explained by a new oxidation path
via new intermediates in the presence of H2 or H2O. It should be
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mphasized that the 1 wt.%Pt–TiO2 (0.8 g) had rather low activity
or the oxidation of CO at room temperature as shown in Fig. 6(a),
ut a FeOx/Pt–TiO2 (0.8 g) (ca. 140 wt.% by calculation as Fe3O4)

as extremely active for the oxidation of CO at room temperature

lthough the Pt in the FeOx/Pt–TiO2 was ca. 0.4 wt.%. Interestingly,
oorly active Au/TiO2 with large size of Au particles changed to
n extremely active catalyst by loading FeOx [52]. This activation

ig. 6. (a) Conversion of CO and O2 in a flowing a mixture of CO(3.0 ml/min)
O2(1.5 ml/min) + H2(20 ml/min) + N2(75.5 ml/min) through 0.8 g of 1 wt.% Pt–TiO2

atalyst (open symbols) and 0.8 g FeOx/Pt/TiO2 (0.4 wt.% Pt) catalyst (solid symbols).
nset TEM images are (i) Pt–TiO2 and (ii) FeOx/Pt/TiO2. (b) Oxidation of CO enhanced
y H2 (20 ml/min) in a flow of CO(1.5 ml/min) + O2(3 ml/min) + N2(95.5 ml/min) at
0 ◦C. (c) Oxidation of CO enhanced by adding H2O to the N2 at 60 ◦C in a flow of
O(1.5 ml/min) + O2(3 ml/min) + N2(95.5 ml/mi) through a humidifier.
3.

is entirely different from the size dependent activity reported by
Haruta [53], which was explained by presuming the catalysis takes
place at the perimeter of the Au particles. The role of FeOx could not
be explained by this mechanism. Chen and Goodman [54] showed a
specific activity of a (1 × 3) bi-layer structure Au atoms arrayed on a
monolayer of titanium oxide, and they concluded that particle size
of Au does not directly influence on the activity of Au/TiO2 catalyst.

So far, a reaction mechanism of CO(a) + O(a) → CO2 has been tac-
itly premised to explain the oxidation of CO, that is, no other specific
mechanism was proposed even for the reaction at the perimeter of
Au particles as well as on a (1 × 3) bi-layer structure of Au atoms.
In this respect, Alayoglu et al. [55] published a notable paper to
explain the specific activity of a Ru-core with Pt-shell catalyst.

They found specific activity of Pt-shell-layers on Ru-core (Pt-
shell/Ru-core) nano-particles compared to the activity of Pt–Ru
alloy particles and a mixture of Pt and Ru nano-particles for oxi-
dation of CO in H2 by a temperature programmed reaction in a
flow of H2 containing 1000 ppm ∼1% CO and 0.5% O2. The calcula-
tion was performed on several elementary reactions a Pt/Ru(0 0 0 1)
as a model of Pt-shell/Ru-core particles and Pt(1 1 1). The bind-
ing energy and the activation barrier suggest that the oxidation
of H2 is facile on Pt/Ru(0 0 0 1) but the oxidation of CO with O2
is facile on Pt(1 1 1), which are opposite to the observation on Pt
particles and Pt-shell/Ru-core particles. To explain their experi-
mental results, they proposed a hydrogen assisted dissociation of
O2 via hydroperoxy intermediate (HO2), H + O2 �HO2 → O + OH, on
Pt/Ru(0 0 0 1) by the calculation of activation barrier. From the cal-
culation, they concluded that a H-assisted dissociation of O2 was
responsible for the preferential oxidation (PROX) reaction of CO
in H2 by Pt-shell/Ru-core catalyst. It should be pointed out that
the competitive reaction of CO(a) + O(a) and H(a) + O(a) was tacitly
assumed in their mechanism.

On the other hand, our proposed mechanism for the PROX reac-
tion of CO in H2 on the FeOx/Pt–TiO2 catalyst is entirely different.
As shown in Fig. 6(b) and (c), the oxidation of CO is markedly
enhanced by H2 or H2O on the FeOx/Pt–TiO2 catalyst but not on the
Pt–TiO2 catalyst [51]. Another notable feature is a hydrogen iso-
tope effect of H2/D2 and H2O/D2O (rH > rD) on the oxidation of CO
on the FeOx/Pt–TiO2 catalyst [56]. The isotope effect on the oxida-
tion of CO cannot be rationalized by hydrogen assisted dissociation
mechanism of O2. To shed light on the catalysis, the intermediates
and their dynamics should be studied in a flow of (CO + O2 + H2) or
(CO + O2) by in situ spectroscopy.

From this point of view, the dynamics of in situ DRIFT were stud-
ied in a flow of CO + O2 and CO + O2 + H2 on Pt/TiO2 and FeOx/Pt/TiO2
catalysts [57,58]. When CO in a flow of (CO + O2 + H2) was stopped,
reaction intermediates were removed according to the corre-
sponding elementary steps. As shown in Fig. 7(a), decreasing of
intermediates with time was obtained by subtracting a steady state
spectrum in a flow of (CO + O2 + H2) from time resolved in situ spec-
tra. Very rapid growth of several negative peaks was observed at
60 ◦C by removing CO from a flow of (CO + O2 + H2), which were gas
phase CO (2119, 2172 cm−1), adsorbed CO(a) (2069, 1836 cm−1),
HCOO(a) (1522, 1354, 1296 cm−1), and OH(a) (broad band centered

at 3350 cm−1). In contrast, less rapid growing of the negative peaks
assignable to CO(a) and bicarbonate (CO2(OH)(a)) was observed
by removing CO from a flow of (CO + O2) as shown in Fig. 7(b)
and (c). These results proves that the oxidation of CO may pro-
ceed via different intermediates in (CO + H2 + O2) and (CO + O2).
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nother notable phenomenon is rapid growth of the negative broad
H(a) band relating to the negative growth of HCOO(a) peaks when
O is removed from a flow of (CO + H2 + O2) as shown in Fig. 7(a)
58]. It should be kept in mind that detectable intermediates by
n situ DRIFT spectroscopy are the intermediates preceding the
ate-determining step. In other word, the amount of intermediates
fter the rate-determining step is usually too low to detect. Taking
hese results into account, simultaneous rapid decrease of OH(a)
nd HCOO(a) reflects the rate-determining reaction of HCOO with
H in the PROX reaction of CO.

On the other hand, when H2 in a flow of (CO + O2 + H2) was

emoved, the oxidation of CO was markedly suppressed although
2 existed. The suppression was caused by decreasing of the OH

pecies on Pt, that is, the reaction of HCOO with OH was disturbed.
n fact, little change of CO(a) peak occurred by removing H2 in a
ow of (CO + O2 + H2), but rapid positive growth of HCOO(a) peaks
rom a flow of (CO + O2 + H2) at 60 ◦C. Concomitant growth of the negative peaks of
on of HCOO with OH. (b) DRIFT spectra attained by removing CO from (CO + O2 + N2)
but the decrease of bicarbonate CO2(OH) was slow in the absence of H2.

was observed. This result is well explained by a dynamic balance
of the formation and the reaction of HCOO intermediates, that is,
provision of OH− anion does not stop immediately because of slow
decrease of adsorbed H2O on the catalyst. Therefore, the formation
of HCOO− intermediates is continued but the reaction of HCOO(a)
with OH(a) on Pt, rate-determining step, becomes slow. As a result,
the amount of HCOO(a) on the catalyst will increase for a time by
removing H2.

It should be reminded that the reaction of CO(a) with OH− anion
is a speculated reaction in our proposed mechanism. As we suc-
ceeded in developing an electro-conductive PROX catalyst being

highly active at room temperature [58,59], we diagnosed the pres-
ence of OH− anion on this PROX catalyst by combining with a
polymer electrolyte hydrogen fuel cell (PEFC). If HCOO−, precursor
sate of HCOO intermediate, is provided by the reaction of CO(a) with
OH− anion, PROX reaction of CO will stop by contacting the catalyst
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cheme 4. Reaction of CO with OH− anion is promoted by a positive feedback cycle
iven by H2O, but the cycle stops by neutralization of OH− with H+.

ith the anode of PEFC, because the OH− anion is neutralized by H+

ons diffusing from the anode side of the PEFC. In contrast, no sup-
ression of the oxidation reaction of CO will occur when the inset
atalyst is separated from the anode. Our prediction was perfectly
upported by this new experiment. Accordingly, we conclude that
he PROX reaction via HCOO intermediates is undoubtedly different
rom the reaction of CO(a) with O(a), and the reaction of HCOO(a)
ith OH(a) is responsible for the low temperature activity for the

elective oxidation of CO in H2. The hydrogen isotope effect on the
xidation of CO by H2/D2 and H2O/D2O is also well rationalized by
his mechanism.

An over-all mechanism for the PROX reaction of CO on
eOx/Pt/TiO2 is described in Scheme 4, in which bold character
ndicates the intermediates observed by the DRIFT spectroscopy.
s shown in this scheme, H2O molecule plays an important role by
nabling a positive feedback cycle by providing the OH− anion on
he FeOx/Pt–TiO2 catalyst. On the other hand, the reverse rotation
s caused by H+ which stops the PROX reaction of CO.

Finally, we wish to emphasize that the activity and/or selectiv-
ty improved by additives is not so simple as is explained by the
ctivation barrier, the adsorption energy, and the characterization
f catalyst without clarifying the reaction mechanism.
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