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In this work, we analyze publications on CO oxidation and PROX (preferential CO oxidation)over various
supported gold catalysts, focusing on two important aspects: effect of high exothermicity of the reaction
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and of nanometer-scale particle of gold. Under certain conditions, exothermicity brings the reaction into
the external diffusion control regime, causing the so-called ignition of the catalyst surface. The transition
of the reaction to this regime is accompanied by a number of effects (sharp increase in conversion as
a result of increasing temperature, CO conversion hysteresis, appearance of a hot spot in the catalyst

Gold

Surface ignition bed, change in activation energy, and precursor self-activation), which are misinterpreted by researchers

Size distribution sometimes. The behavior of the catalyst in the steady-state external diffusion control regime and on
return from this regime is discussed.

In the synthesis of gold catalysts by conventional methods (precipitation, deposition-precipitation,
impregnation), the precursors dried at 100 °C have gold mostly in its cationic form. The gold cations turn
into Au® as the calcination temperature is raised or as the catalyst is kept in a reductive atmosphere. This
yields gold metal particles on the support surface. Their size distribution is usually asymmetric, with the
maximum shifted to smaller sizes, which is typical of lognormal distribution.

Acritical review is made of the data concerning the size effect, specifically, the existence of an extremum
of catalytic activity as a function of the mean particle size. It is demonstrated that the variation of gold
content from one sample to another is often disregarded in the interpretation of these data, while catalytic
activity and particle size correlate with gold content.

© 2014 Elsevier B.V. All rights reserved.

Contents

B O o1 0T L o o) U Y 39
2. External diffusion control regime of a very eXothermic r@aCtion . ... ...uuuuiii ittt ittt et e et ettt ee e e e e aeeaeaaaaaaas 39
2.1. Transition of the reaction to the external diffusion CONtIOl FEGIME. ... ... ...uiiiiiit i ettt e e iee e iee e aaanns 39

2.2. Temperature and feed flow rate effects in the operation in the external diffusion control regime: Hysteresis ............................ 40

2.3.  Factors hampering the transition of the reaction to the CSI regime 41

S TR 5153 o T 14 o) o) i 1 = U Loy 4 a I (o) U S 42
3.1.  Particle size distribution of gold metal .............ooviiiiiiiiiiiiiiii i 42

3.2.  Onthe “size effect” in gold catalysts.........uiieiiiiiei ittt 42

S €] s ol 13 (o) 3 -] 44
Acknowledgments. 44

] (] ) el 44

* Tel.: +7 495 954 13 95; fax: +7 495 633 85 20.
E-mail address: kipnis@ips.ac.ru

0926-3373/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcatb.2014.01.030


dx.doi.org/10.1016/j.apcatb.2014.01.030
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2014.01.030&domain=pdf
mailto:kipnis@ips.ac.ru
dx.doi.org/10.1016/j.apcatb.2014.01.030

M. Kipnis / Applied Catalysis B: Environmental 152-153 (2014) 38-45 39

1. Introduction

There is keen interest in the use of gold in various catalytic reac-
tions, which has been stimulated by studies of gold-catalyzed CO
oxidation carried out by Haruta and his colleagues [ 1-4]. It was dis-
covered that gold shows good catalytic properties in CO oxidation
even well below the room temperature. There have been exten-
sive studies on the applicability of Au-containing catalysts to other
reactions [4-8].

Although publications on CO oxidation alone run into hundreds,
gold-containing catalysts and the reactions in which they are
involved are still complicated objects for the researcher.

Various aspects of the synthesis of supported catalysts have
been examined [9-21]; the role of certain factors in CO oxida-
tion has also been elucidated. It was established that water exerts
a favorable effect on CO oxidation [9,22-35]; for this, a reaction
mechanism involving a hydroperoxide as an intermediate was
suggested [36]. The activity of the catalyst in CO oxidation was
enhanced by hydrogen [37-43]; the mechanism of CO oxidation in
the presence of H, [37] is also based on the formation of hydroper-
oxide as an intermediate.

The state of active gold, the causes of catalyst deactivation, the
irreproducibility of catalytic tests in some cases, the catalyst aging,
and the effect of support still remain unresolved issues.

The authors of a review [44] distinguish four significant yet not
fully comprehensible features of Au-catalyzed CO oxidation: the
process is support-dependent; gold must be in oxidized state to
display a high catalytic activity; the activity of the catalyst is sen-
sitive to the presence of water in the feedstock; the activity of Au
nanoparticles is very high and depends strongly on their size and
morphology.

Containing comparatively smaller amounts of gold in the form
of finely dispersed particles, the gold catalysts are difficult to char-
acterize by physicochemical methods. The parameters of their
X-ray photoelectron spectra (peak position and half-width) depend
on the Au cluster size: as the cluster size decreases, the peak
broadens and shifts to higher binding energies [45]. The X-ray
photoelectron spectrum of oxidized gold nanoparticles changes
under the action of X-rays [46]. Additional problems arise from
the fact that the catalysts change their properties on prolonged
storage [14,47-50].

Although some authors hypothesize that cationic gold is essen-
tial for CO oxidation [51-61], it is obvious that it occurs on gold
metal. For this reason, many publications on CO oxidation present
transmission electron microscopic data characterizing the gold
metal particles. The presence of gold as metal particles suggests
that, when the gas medium contains reducing agents such as H,
and CO, cationic gold turns into Au® provided that the treatment
time is sufficient for its reduction.

The CO oxidation reaction (as well as H, oxidation) is highly
exothermic. Accordingly, the amount of heat released in the
reaction zone increases with the amount of converted carbon
monoxide (Hy), and the reaction may shift from kinetic con-
trol to external diffusion control (e.g. [42,62-65] and references
therein).

Using the Pt, Ru, Rh, Au catalyst series as an example, we have
demonstrated the specific features of the reaction transition to the
external diffusion control regime as well as those of the steady state
in this regime [42,62,66-71]. These features are not always consid-
ered in the investigation of CO oxidation and PROX (preferential
CO oxidation). This prompted us to examine them in detail in the
context of relevant publications.

The following aspects were left out of consideration in this work:
the mechanism of oxygen activation on gold, the mechanisms of
CO and PROX, the role of cationic gold, the contribution from the
support to catalysis, effects of H,0 and CO; on catalysis.
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Fig. 1. Preferential oxidation of CO over 1% Au/Al,03 catalyst (a bed height
of ~1.6cm) by the gas mixture (composition, vol%: 0,—0.9, CO—0.9, H,—60,
N,—balance) at room temperature. Transition into the steady-state CSI. The tem-
perature at the bed: inlet—Tj;, outlet—T,yyet, and the middle of the bed—Tiqgle-
GHSV 41 N1/gcac/h.

2. External diffusion control regime of a very exothermic
reaction

Strongly exothermic reactions typically take place in the exter-
nal diffusion control regime, in which the activity of the catalyst
is determined by the rate at which the critical component is sup-
plied and, accordingly, depends on the reaction temperature only
weakly. Frank-Kamenetskii [72] termed the transition of a reaction
to this regime and the steady-state run of the reaction in this regime
as catalyst surface ignition (CSI).

The reactions proceeding in the CSI regime include indus-
trial ammonia oxidation [73]; ethylene hydrogenation over a
Pt/boehmite catalyst [74]; selective acetylene and ethylene hydro-
genation over Pd/Al,Os [75]; para-methylstyrene, octene, and
heptene hydrogenation over a Pd- or Pt-containing catalyst [76];
total CO and CH4 oxidation over Pt/Al,03 and Pt/CeO, catalysts
[64]; CO oxidation [63-65,74,75,77,78]; partial CH,4 oxidation [79];
and propane oxidation [80].

Researchers usually focus on the effect of temperature on the
behavior of the reactants, whereas temperature distribution in the
catalyst bed is also of significance [42,62,66-71,77,79,81,82].

Below, we will discuss some features of the transition of a reac-
tion to the CSI regime using selective CO oxidation and PROX as the
examples.

2.1. Transition of the reaction to the external diffusion control
regime

It was reported [71] that the reaction shifts readily from
1%Au/Al,03 catalyst preactivated in a mixture containing CO, O,
and H; to external diffusion control regime after replacing H, with
the reaction mixture at room temperature. This transition is illus-
trated in Fig. 1, which shows the dynamics of the bed temperature
and residual CO and O, concentrations.

The reaction mixture was initially by-passed (1.5min), then
switched over (2.5 min) to the reactor filled with H,. The appear-
ance of the reaction mixture in the reactor caused a rapid heating
of the catalyst bed. This was indicated by thermocouples placed
at the bed inlet (Tjyjet), in the middle of the bed (Tyqqie), and at
the bed outlet (T,yet)- However, in a few minutes the temperature
at the reactor outlet decreased after passing through a maximum
and a temperature gradient across the bed was established with a
hot spot located at the bed inlet, which is typical of CSI. When the
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Fig. 2. CO oxidation curves for the 1.22% Au/FeOy catalyst by the gas mixture (com-
position, vol%: CO—1, 0,—20, Ny—balance), space velocity 80,000 ml/gc,/h. From
Ref. [83].

activity of the catalyst is not high and, accordingly, the amount of
heat released by the reaction is small, the hot spot occurs at the
reactor outlet. However, as the bed heats up, the increasing tem-
perature causes an increase in the catalytic activity and, eventually,
an upstream shift of the hot spot [62].

The location of the hot spot at the bed inlet is typical of reactions
occurring in the CSI regime: the reaction rate is so high that a small
amount of catalyst is sufficient for practically complete conversion
of the so-called critical reactant.

In the reaction considered here, the critical reactant is oxygen,
whose initial concentration is insufficient for the complete oxida-
tion of CO and H; together. Its steady-state residual concentration
is at the 30 ppm level (Fig. 1).

Note that, in the transition of the reaction to the CSI regime, the
residual CO concentration passes through a minimum. This is due
to the fact that, as the temperature rises, the activity of the catalyst
increases, but the selectivity decreases at the same time [37,66].

The slow and slight increase in both temperature (Tjyje¢) and
CO concentration observed after the transition of the reaction to
the external diffusion control regime might be due, to the reactor
walls heating up in the course of establishment of heat balance in
the catalyst-reactor-environment system.

While the plot of the reactant conversion versus the hot spot
temperature is a smooth monotonic curve, the curve of conversion
versus heater temperature has a segment parallel to the ordinate
axis, indicating a transition of the reaction to the external diffusion
control regime [62].

Accordingly, the abrupt increase in the CO conversion as a result
of a small change in the temperature may be due to transition of
the reaction toignition regime. In this, the temperature is measured
outside the hot spot of the catalyst bed.

By way of example, we will consider data for CO oxidation in
the linear heating regime over a 1.22% Au/FeOy catalyst in a 1% CO,
20% 05, N, balance mixture [83] (Fig. 2). (The catalyst was prepared
by colloidal precipitation from a HAuCly solution in the presence of
polyvinyl alcohol (PVA). The reducing agent was sodium tetrahy-
droborate. The conversion of Au(Ill) into gold metal was revealed
as the color of the solution changed to orange-brown.)

As demonstrated in Fig. 2, the CO conversion over the initial
catalyst heated to ~125°C was low (1st run). (It is significant that
the measuring thermocouple was placed over the catalyst bed
inlet, measuring the temperature of the gas heated by the external
heater). At further heating, the CO conversion increased rapidly:
as the temperature was raised from 140 to 150 °C, the conversion
increased from ~30% to ~80%, and was total at 160°C. It is this

kind of a dependence of catalytic activity on the temperature of the
entering gas that is characteristic of CSI [42,62].

In the next heating cycles (2nd and 3rd runs), the CO conversion
reached 100% at substantially lower temperatures, indicating the
activation of the catalyst in the first run. Since gold in the catalyst
sample was originally reduced to gold metal, the low initial catalytic
activity might be due to the adhesion of a polyvinyl alcohol film to
it (gold). This film impeded the CO oxidation reaction, but it broke
down on heating.

The transition of the reaction to the external diffusion control
regime must be accompanied by a marked decrease in the activa-
tion energy. Thus, a bend in the Arrhenius plots for CO oxidation
was observed in [84,85] and also discussed in [8] for a number
of Au/TiO,-catalysts: at an increase in temperature the activation
energy decreases by an order of magnitude. This effect is inter-
preted as a change in the properties of active centers [8]. In our
opinion, itis a consequence of the reaction transition into the exter-
nal diffusion control regime when the temperature is raised.

For some catalysts involved in preferential CO oxidation, the lin-
ear plot of the logarithm of H, conversion as a function of inverse
temperature shows a bend and the activation energy at lower tem-
peratures is approximately twice that of the activation energy at
higher temperatures [35]. The O, conversion reaches 100% at the
bend temperature (the total CO, O,, and H, concentration is 4 vol%),
again pointing at the transition of the reaction to external diffusion
control regime. This result was interpreted [35] on the basis of spe-
cific features of H, oxidation in the presence of CO, without taking
exothermicity of the reaction into consideration.

It is clear from the above analysis that if the temperature is not
monitored simultaneously at least at the inlet and outlet, it will be
difficult to correlate the residual CO and O, concentrations with the
corresponding hot spot temperature. For instance, CO oxidation is
rather commonly investigated in the linear heating regime using
a single thermocouple either outside or inside the bed to monitor
the state of the catalyst [10,32,35,37,39,83,86-89]. The information
about temperature dependence of CO conversion and selectivity
received from such a set-up is likely to be distorted because of the
shift of the hot spot during heating.

Note that the dilution of the catalyst with an inert material, an
expedient used to reduce the effect of the exothermicity of the
reaction, does not change the heat of the reaction, but affects heat
removal by increasing the reaction zone-reactor wall contact area.
This somewhat enhances heat transfer through the reactor walls,
thus raising the critical ignition temperature.

We assumed the above by default that the heat released dur-
ing the reaction exerts no effect on the heat flow from the external
heater. In the strict sense, this is not true, but the effect of the heat of
the reaction on the operation of the heater can be neglected when
the control thermocouple of the heater is outside the reaction zone.
And what will happen if the control thermocouple is introduced in
the catalyst bed? The heat flow to the thermocouple will increase
with increase in conversion because of the reaction. In response to
thisincrease in the heat flow, which will be detected by the thermo-
couple, the heater will reduce its heat input. As aresult, there can be
a failure of ignition. We think that it is this effect that was encoun-
tered in CO oxidation over Au/TiO, under linear heating [87]: the
CO conversion versus temperature curve showed an abrupt ini-
tial jump followed by a descending portion and a monotonically
ascending portion (Fig. 3, 2nd-4th runs).

2.2. Temperature and feed flow rate effects in the operation in the
external diffusion control regime: Hysteresis

An exothermic reaction switches to external diffusion control
regime once the critical ignition temperature (T;) reaches the hot
spot, when the heat generated by the reaction begins to exceed the
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Fig. 3. CO oxidation curves for the 1% Au/TiO, catalyst (PVA-protected) by
the gas mixture (composition, vol%: CO—1, 0,—20, N,—balance), space velocity
80,000 ml/gcac/h. From Ref. [87].

heat removed with the gas flow and also through reactor walls. The
critical temperature can be attained in several ways. As the tem-
perature of the external heater is raised, the activity of the catalyst
increases and the heat balance changes in favor of heat buildup.
The reaction can also be brought into the CSI regime by increas-
ing the feed flow rate. This leads to an increase in the amount of
reactant converted and, accordingly, to an increase in heat genera-
tion. Finally, the reaction can be initiated in the external diffusion
control regime by supplying the reactants at an above-critical
temperature.

After the transition of the reaction to the CSI regime, variation
of the heater temperature and feed flow rate in certain ranges does
not bring the reaction back from the ignition regime [42,66,70].
This allows the catalyst operation conditions to be optimized. As
the temperature is lowered, the hot spot remains at the bed inlet
and oxygen is almost entirely converted, so the selectivity in the
CSI regime is determined only by the residual CO concentration,
which decreases as the hot spot cools down.

A hysteresis can be observed in the external diffusion control
regime [42,62]: at the same external heater temperature, the resid-
ual concentrations of the reactants (CO, O,) and the catalyst bed
temperature during the heating of the system differ from those
observed during cooling.

However, the possibility of the system passing to the CSI regime
is sometimes disregarded in the analysis of the causes of this hys-
teresis. For example, the hysteresis in preferential CO oxidation
over a ceria-supported catalyst containing 0.28 at% Au and Ge and
Gd dopants is attributed to catalyst activation [32]. The hysteresis
in H, oxidation over Au/Al, 05 is explained by the adverse effect of
water during heating [35]. A hysteresis was also observed for the
as-prepared 2.6% Au/Ceg g2Zro 330, catalyst under linear tempera-
ture variation (heating and cooling) [90]. The activity of this catalyst
increased even after heating was stopped. The authors of that study
rightly believe that heating activates the catalyst, but it would be
more correct to consider catalyst activation in combination with
surface ignition.

Both the return of a reaction from the external diffusion con-
trol regime and the transition of the reaction to this regime show
themselves in the form of a temperature jump: once the critical
extinction temperature is reached, the conversion falls abruptly.
This phenomenon was observed for Co304 and Au/Co304 cat-
alysts under cooling and was interpreted as their deactivation
[91].
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Fig. 4. Activation of the 1% Au/Al,05 catalyst precursor (a bed height of ~1.6 cm)
by the gas mixture (composition, vol%: 0,—0.99, CO—0.97, H,—60, N,—balance)
at room temperature. a—dynamics of the temperature at the bed: inlet—Tjye,
outlet—Toyter, and the middle of the bed—Tgqe; b—dynamics of the residual CO
and O, content. Dashed and solid lines indicate the gas bypassed the reactor and
supplied to the reactor, respectively. GHSV 39 N1/gca:/h. From Ref. [71].

2.3. Factors hampering the transition of the reaction to the CSI
regime

We have considered the specific features of the transition of the
reaction to the CSI regime earlier and the steady-state run of the
reaction in this regime. Now we will turn to factors opposing the
transition of the reaction to the CSI regime.

Gold in the catalyst precursors prepared by the deposition-
precipitation (DP) or coprecipitation (CP) method was reported
to be entirely or partially in cationic form [14,54,92-95]. When
the reaction mixture acts on such a precursor, the reaction takes
place in parallel with gold activation and this has an effect on the
transition of the reaction to the CSI regime.

Data pertaining to the 1%Au/Al, O3 catalyst prepared by adsorp-
tion impregnation followed by drying at 90°C [71] are presented
in Fig. 4. The reactor was purged with hydrogen and then cut off.
The reaction mixture was initially by-passed and then directed
to the reactor. Slow self-activation of the catalyst was observed
over approximately 1h, which showed itself as a gradual heating
of the bed (Fig. 4a) and, accordingly, as a decrease in the resid-
ual CO and O, concentrations (Fig. 4b). After the temperatures in
the bed middle and at the bed outlet reached their maximum val-
ues, a steady-state temperature distribution was established in the
bed, with the hot spot located at the bed inlet. Thus, the catalyst
was activated and the reaction shifted to external diffusion control
regime.

A comparison between Figs. 1 and 4 demonstrates that the low
initial activity of the precursor leads to a long self-activation period.
As mentioned above, gold in the precursor is mainly in oxidized
state. The presence of some amount of gold metal provides the ini-
tial catalytic activity. In turn, reactions of CO, H, oxidation raise
the bed temperature, assisting the gradual self-activation of the
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Fig. 5. CO oxidation at 25°C using dried 2.6%Au/ZnO catalyst precursors by
CO/synthetic air (CO,-free) with a molar ratio of 0.5/99.5. Temperature of precipi-
tation of catalysts: 1-60°C, 2-80°C, 3-90°C. Flow rate 20 ml/min, catalyst loading
of 50 mg. From Ref. [12].

catalyst. Activation brings gold into Au® state, and this is con-
firmed by a change in the catalyst color: while the original sample
is white, the activated sample is aureate, which is characteristic of
gold metal.

Taking these results into account, we will consider data reported
for CO oxidation over 2.6% Au/ZnO precursors [12] (Fig. 5). These
samples were prepared by coprecipitation followed by drying the
washed precipitate at 90°C. The oxidation of CO was studied at
25°C (in a quartz reactor immersed in a thermostat) in a flowing
CO/artificial air mixture (0.5:99.5 mol/mol). The CO conversion for
the samples prepared by precipitation at 60 and 80 °C reaches 100%
in a short time (Fig. 5, curves 1 and 2), while the sample precipi-
tated at 90°C is activated slowly (curve 3). A comparison of Fig. 5
with Figs. 1 and 4 readily demonstrates the following. In the case
of samples prepared by precipitation at 60 and 80°C[12], gold is in
highly active state and reaction passes to external diffusion control
regime. The sample precipitated at 90 °C, however, shows the same
behavior as the 1%Au/Al,03 precursor (Fig. 4).

There has been a report on the transition of CO oxidation to
external diffusion control regime at room temperature over an
Au/Fe,03 precursor prepared by precipitation followed by drying
at 80°C [47]; however, this transition was not identified by the
authors and was considered as interference. In this experiment, as
a5%CO0, 20% 0, Ar balance mixture was fed at a rate of 1000 ml/min
into a reactor containing 20 mg of the catalyst, the CO conversion
jumped to 100% and the catalyst heated to 120°C.

The self-activation of a number of Au/Al, 03 catalysts in Hy oXi-
dation and preferential CO oxidation was observed in our earlier
study [66], and it can be interpreted as a combination of gold acti-
vation and the exothermic reaction.

The transition of the reaction to the CSI regime can be opposed
by the strong adsorption of one of the components. For example,
strong oxygen adsorption is typical of ruthenium catalysts [67,68].
Accordingly, spontaneous oscillations over a period of several hours
can be observed in CO oxidation over these catalysts [68]. The
oscillation cycle begins with a slow decrease in the residual CO con-
centration accompanied by an increase in bed temperature. This
process takes place until the critical bed temperature at which
rapid ignition occurs. After a short interval, the reaction under-
goes equally rapid extinction and the slow activation of the catalyst
resumes. We think that these oscillations are due to a combina-
tion of strong oxygen adsorption with the exothermicity of the CO
oxidation reaction.

The same phenomenon was observed in CO oxidation with a
mixture containing a large stoichiometric excess of oxygen on a Pd
wire [96], but it was explained by the palladium surface passing
into a hyperactive state.

As the hydrogen oxidation and CO oxidation reactions are
very exothermic, this exerts a considerable effect on the observed
kinetics. Neglect of this circumstance leads to difficulties in data
interpretation.

3. Behavior of nanosized gold
3.1. Particle size distribution of gold metal

Gold metal particles in supported catalysts are commonly char-
acterized by electron microscopy. The corresponding histograms
demonstrate that the gold particle size distributions for various
supports are typically asymmetric, with a maximum shifted to
smaller sizes (see, e.g. [28,35,48,83,88,90,92,97,55,98-109]).

This size distribution asymmetry is typical of metal particles in
supported metal catalysts, suggesting that the distribution most
likely obeys a lognormal law, which is characteristic of a certain
class of systems [110]. In these systems the total mass/volume of
objects is limited and the increase in the mass of an object during
the formation of the system is proportional to the current mass
of the object, even though it takes place in a random way. The
lognormality of the gold particle size distribution was confirmed
for a number of supported Au catalysts by small-angle X-ray scat-
tering and transmission electron microscopy [111]. The reliability
of an estimate of the proportion of particles smaller than 1 nm is
determined by the class of the electron microscope. Note that a
simple test for lognormality of distribution is the linearization of
integral distribution in probabilistic logarithmic coordinates [110].
This is illustrated in Fig. 6 where the differential (a and b) and inte-
gral (c) gold particle size distributions are given. The latter plot
(Fig. 6¢) confirms that in both cases (curves 1 and 2) the distribu-
tion most likely obeys a lognormal law. Thus, integral particle size
distribution eliminates the issue of the arbitrariness in choosing a
size interval.

If a gold-containing catalyst is synthesized under fairly mild
conditions (at rather low temperatures) on a support with a large
specific surface area, then, at a gold content of a few weight per-
cent, the size of the resulting gold particles will be below 10 nm
[28,35,48,83,88,90,92,97,55,98-109].

Anincrease in the gold content must cause accretion of separate
particles to increase the proportion of larger particles. For example,
there has been a study of Au onto the TiC (00 1) surface [107]. Au
was vapor-deposited on TiC (00 1) at room temperature. At gold
coverage of 0.1 and 0.5 ML (ML =monolayer), the resulting gold
particle size distribution has a “tail” on the larger particle side. By
contrast, at a gold coverage of 1.5 ML, the tail is on the smaller size
side of the distribution peak.

As the heat treatment temperature is raised, the distribution
profile shifts to larger particle sizes [61,102,103,112,113]. The same
effect is observed as the gold content is increased [48].

The effect of catalysis on the particle size distribution of gold is
insignificant [88,106,114].

3.2. On the “size effect” in gold catalysts

As noted above, the size of gold particles in supported catalysts
varies in a fairly wide range. This brings up the issue of interpre-
ting the size effect for supported Au catalysts [3,89,115-120]. The
effect was first observed by Haruta and his colleagues [115] for
Au/Co304, Au/Fe, 03, and Au/TiO, catalysts and is now actively dis-
cussed by researchers. The current situation in this area is precisely
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characterized as follows [121]: “A twist about an atomistic
explanation for the unusual particle size-dependent reactivity
enhancement of supported gold clusters still exists in the surface
science and catalysis communities”.

Note that a physically meaningful correlation is the dependence
of catalytic activity on particle size, not on the mean value of the
size distribution. The possible causes of such dependence have been
discussed in earlier works [122,123]. In this case, if there is a particle
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Fig. 7. CO oxidation turnover frequencies (TOF) at 300 K as a function of the average
size of the Au particles supported on a high surface area TiO, support. From Ref.
[117].

size distribution, the activity of the catalyst will reflect the integral
activity over this distribution; that is, it will depend on distribution
parameters (mean value and dispersion).

However, many studies have dealt with the dependence of
catalytic activity on the mean of the particle size distribution
[3,89,115-120]. When correlating catalytic activity with cluster
size, some authors [116-120] did not take into account that the
gold surface area available for catalysis may vary from one sample
to another (samples with different gold contents were examined).

As for Haruta’s works on Au/TiO, catalysts, detailed data
suggesting the existence of a size effect are presented in [89]
(Table 1). These data were discussed in some way in other works
[3,116-118,124,125] and led to the correlation plotted in Fig. 7
[116,117].

By correlating catalytic activity with the mean crystallite size
for the samples listed in Table 1, the size effect was observed: an
extremely high activity was seen for a mean particle size of ~3 nm
[3,115,117]. Indeed, as seen from the data presented in Table 1, the
mean particle size varies only slightly, particularly in samples 1-5,
but all activity characteristics (Ty,, W, TOF) change significantly.

In our opinion, there are no sufficient grounds to claim the exist-
ence of a size effect in this case. First, samples 1-5 differ essentially
from samples 6 and 7 in their synthesis [89], so it would be correct
to compare data for samples 1-5 only. Second, strictly speaking, it is
preferable to make a correlation of experimental activity data with
the accessible surface area of gold particles estimated by an inde-
pendent method. But even within the framework of the approaches
taken in [89], we can see the following: estimation of TOF from
the CO oxidation rate extrapolated to 300 K with estimation of the
number of accessible gold atoms from the mean particle size sug-
gests that catalytic activity depends on the gold content only. It can
indeed be seen in Fig. 8 that Ty, and TOF correlate well with the
gold content. The CO oxidation rate as a function of gold content
behaves in the same way as TOF. Moreover, as demonstrated in the
insert in Fig. 8, the mean crystallite size also correlates with the
gold content of the samples.

An examination of the correlations plotted in Fig. 8 suggests
that there is no size effect on catalytic activity in this case, as the
dependence of both TOF and particle size on Au content is basically
monotonous considering errors in experimental and calculated val-
ues. Thus, the extremum in the correlation presented in Fig. 7 is a
result of the interplay of the following factors: dependence of the
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Table 1

"Gold content, mean particle size, and activity data for Au/TiO, catalysts [89].
Entry Catalyst Au content, (Wt%) Mean particle size (nm) Tip (K) W, 10-7 (mol/s/gcat) TOF (s~1)
1 0.5%Au-DP 0.5 2.5 320 3.80 3.7x 1072
2 0.7%Au-DP 0.7 2.7 282 6.90 3.4 %1072
3 1.8%Au-DP 1.8 2.9 253 55 1.2x 107!
4 2.3%Au-DP 23 3.1 235 45 6.8 x 102
5 3.1%Au-DP 3.1 3.5 235 200 2.6x 107!
6 1.0%Au-FD 1 4.6 477 0.0015 9.6 x 106
7 3.6%Au-FD 3.6 6 443 0.0036 8.3x10°6

" DP=synthesis by deposition, FD ="“photochemical” synthesis, Ty, =temperature corresponding to 50% conversion of 1% CO in air, and W=CO oxidation rate at 300K
calculated from the Arrhenius dependence of the oxidation rate on inverse temperature. The turnover frequency (TOF) was calculated under the assumption that the number
of gold atoms on the surface is determined by the mean particle size and the particles are cubic.
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Fig. 8. Correlation of turnover frequencies of CO oxidation (TOF) and temperature
of 50% conversion CO (Ty;) with Au content of the catalysts. Insert shows the corre-
lation of the average size of Au particles with Au content of the catalysts (according
to data [89]).

catalytic activity on gold content, roughness of TOF estimate, choice
of samples synthesized by different methods.

The absence of size effect was also inferred from a study of the
catalytic activity, at 298K, of a series of 4.5 wt% Au/TiO, samples
differing in their mean crystallite size calculated from EXAFS data
[124].

4. Conclusions

An extensive body of data on CO oxidation and PROX (pref-
erential CO oxidation) over supported gold catalysts has been
discussed. Under certain conditions, the exothermicity of CO oxi-
dation or PROX brings the reaction into external diffusion control
regime. This shows itself as a number of experimentally observable
effects (jump of conversion as a result of temperature variation, CO
conversion hysteresis, appearance of a hot spot, and precursor self-
activation). Transition to this regime sharply decreases apparent
activation energy.

In a reductive medium or after the heat treatment, gold in the
catalyst is typically in the form of metal particles with a lognor-
mal size distribution. Size effect data indicating the existence of an
extremum of catalytic activity as a function of mean particle size
have been revised.

It has been demonstrated that for samples synthesized under
the same conditions [89], catalytic activity varies monotonically
with gold content rather than with the mean particle size of
gold.
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