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Abstract

The adsorption properties and reactivities of gold are summarized in terms of their size dependency from bulk to fine
particles, clusters and atoms. The catalytic performances of gold markedly depend on dispersion, supports, and preparation
methods. When gold is deposited on select metal oxides as hemispherical ultra-fine particles with diameters smaller than 5
nm, it exhibits surprisingly high activities and /or selectivities in the combustion of CO and saturated hydrocarbons, the
oxidation-decomposition of amines and organic halogenated compounds, the partial oxidation of hydrocarbons, the
hydrogenation of carbon oxides, unsaturated carbonyl compounds, alkynes and alkadienes, and the reduction of nitrogen
oxides. The unique catalytic nature of supported gold can be explained by assuming that the gold—metal oxide perimeter
interface acts as a site for activating at least one of the reactants, for example, oxygen. Some examples and future prospects

in applications are also briefly described.
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1. Introduction

Since gold is the least reactive metal, it has
been regarded as poorly active as a heteroge-
neous catalyst. In the past the catalysis of gold
was extensively studied by Bond [1,2] and Par-
ravano [3]. The past work was reviewed by
Wachs [4] and Schwank [5,6], who stated that
gold had been little used in practical heteroge-
neous catalysis. Quite recently, the nobility of
gold has been theoretically illustrated through
the high dissociation energy of hydrogen
molecule and the low chemical adsorption en-
ergy on the surface [7]. However, we should
recall that our knowledge has come from the
chemistry of smooth gold surfaces or of rela-

tively large gold particles with diameters above
10 nm.

When gold is deposited on select metal ox-
ides as ultra-fine particles, we have found that
its chemistry dramatically changes [8]. Highly
dispersed gold catalysts are really very active in
many important reactions for chemical industry
and environmental protection and have already
been used for commercial applications in offen-
sive odor removal [9] and gas sensors [10]. As
in the case of heterogeneous catalysis, the elec-
trochemistry of gold in aqueous media appears
to be interesting too and is considerably more
complex than is normally assumed [11,12]. The
present paper deals with an overview of the
recent achievements in supported gold catalysts.
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Specific emphasis is put on the characteristic
features of gold in contrast to noble metals of
group VIIL

2. Adsorption on gold surface

Gold is inert towards most molecules, how-
ever, as shown in Table 1, its surface reactivity
appreciably changes with structure. At room
temperature only HCOOH, H,S and thiol com-
pounds can adsorb on the smooth surface of Au.
The strong affinity of gold for sulfur is applied
to gas sensors using evaporated films of Au for
the detection of H,S [34] and other sulfide

Table 1

Adsorption of gas molecules on gold surface (See also Refs. [4,13-38])
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compounds. Recently, molecular electronics [36]
and self-assembly [37,38] also utilize the spe-
cific bonding between Au and sulfur-containing
functional groups. The clean gold surface has
been proved to be hydrophilic [32,33]. Gold
surfaces scratched by ceramic needles can ad-
sorb hexane compounds, benzene, ethers and
ketones [39]. Olefins like ethylene and acetylene
are adsorbed on gold evaporated on a substrate
as separated islands [13,31].

Oxygen does not adsorb on clean Au(110)
and (111) surfaces [15], however, atomic oxy-
gen can be formed when gold is exposed to
excited di-oxygen produced on a hot filament
[17], in an electric discharge [15] or microwave
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[22], and to ozone [18]. On relatively clean gold
powder prepared by evaporation in inert gas
(the diameter of primary particles is about 30
nm, specific surface area 4.1 m?/g), oxygen as
well as CO can chemisorb at 0°C [14]. The
chemisorbed oxygen on Au has a Brgnsted base
character as on Ag and Cu and reacts with
formic acid, acetylene, and methanol but not
with ethylene which is less acidic in the gas
phase [15]. It is also reactive with CO even at
0°C to form CO, [14,91]. These results suggest
that gold can act as a novel oxidation catalyst
once oxygen is activated on the defective sur-
face of fine powder or excited by other means.
One good example is seen in Au deposited on
an inner wall of the quartz tube of a sealed-type
recycling CO, laser; CO is reoxidized to CO, at
room temperature only during laser operation
[40].

Gold clusters are reactive at room tempera-
ture with H,, CH,, and O, [41]. The reactivity
depends on the electrical charge (positive, nega-
tive, neutral) and on the atomic number of Au
clusters, being observed at specific magic num-
bers.

Atomic gold is reactive and at an extremely
low temperature as —263°C it can react with
CO and O, according to Scheme 1 [42].

The above results provide evidence that the
surface adsorption and reactivity of gold can be
tuned by creating defective surface structures
through down-sizing or scratching. Because the
bonding strength of adsorbates on the defect
sites of Au is moderate and still weaker than
that on Pd and Pt, it often happens that at low
temperatures gold catalysts are advantageous
over other noble metal catalysts.

3. Preparation of highly dispersed gold cata-
lysts

Noble metal catalysts are mostly prepared by
impregnation methods, which, however, cannot
produce active gold catalysts. The impregnation
methods can hardly lead to high dispersion of
gold except for a few cases of very low metal
loadings because of the lower melting point of
Au (1063°C) than those of Pd (1550°C) and Pt
(1769°C) and partly because the catalyst precur-
sors are often calcined at low temperatures (be-
low 600°C) where chlorine still remains in the
metal oxide supports.

The following four methods can deposit gold
on a variety of metal oxides as small particles
with diameters below 5 nm.

1. Coprecipitation [8]: An aqueous solution of
HAuCl, and a metal nitrate is poured into an
aqueous solution of Na,CO, to obtain a
hydroxide or carbonate coprecipitate. The
precursor is washed, dried, and finally cal-
cined in air at a temperature above 250°C.

2. Deposition—precipitation [43]: After the pH
of an aqueous solution of HAuCl, is ad-
justed to a fixed point in the range of 6 to 10,
a metal oxide support in any form, powder,
bead, honeycomb, or thin film is immersed
in the solution. Aging for about 1 h results in
the deposition of Au(OH), exclusively on
the surface of metal oxide support if concen-
tration and temperature is properly chosen.
The precursor is treated in a similar manner
as in coprecipitation. The remarkable influ-
ence of the pH on the particle size of Au is
shown in Fig. 1 for TiO,. Above pH 6 main
species of Au in solution is transformed from
AuCl; to Au(OH),Cl1,_, (n=1-3) and the
mean particle diameters of Au in the cal-
cined catalysts become smaller than 4 nm.

3. Co-sputtering [44]: In an atmosphere contain-
ing oxygen, gold and metal oxide are simul-
taneously sputter-deposited on a substrate to
form thin film, which is finally annealed in
air.

4. Chemical vapor deposition [45]: The vapor
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Fig. 1. The mean particle diameter of Au as a function of the pH
of HAuCl, solution for the Au/TiO, catalysts prepared by
deposition—precipitation method. Au content in the HAuCl, solu-
tion corresponded to 13 wt% with respect to TiO,. Calcination
was done in air at 400°C.

of an organic gold compound, typically
dimethyl-gold(Ill)-acetyl acetonate, is intro-
duced onto an evacuated metal oxide sup-
port. The adsorbed organic gold compound is

pyrolyzed in air to decompose it into small

gold particles. This method can be applied to

a wide variety of metal oxides, while the

liquid-phase methods are usually not valid to

acidic metal oxides like SiO,.

The above four methods can produce hemi-
spherical gold particles (Fig. 2), which are
strongly attached to metal oxide supports at
their flat planes and accordingly thermally more
stable than spherical particles. This can be as-
cribed to the hydroxidic, oxidic, or organic pre-
cursors having stronger affinity to metal oxides.
It should also be pointed out that the precursors
are washed almost completely or prepared with-
out contamination. In this context, some re-
ported results may not be general because lower
activity and deactivation suggest that the sam-
ples might be contaminated by Cl~ [46] and
Na* [47].

Supported gold catalysts prepared by the
above methods exhibit unique catalytic perfor-

Fig. 2. Transmission electron microscopic photograph for the Au/TiO, prepared by deposition—precipitation at pH7. Other conditions were

the same as those for Fig. 1.
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mances different from unsupported gold and are
often more active than Pd and Pt catalysts at
low temperatures. Typical examples for CO oxi-
dation are shown in Fig. 3 [48]. While the
catalytic activity of Pt /TiO, is almost indepen-
dent of preparation methods, that of Au/TiO,
changes dramatically. The Au/TiO, catalysts
prepared by deposition—precipitation are active
even at temperatures below 0°C when Au load-
ings are above 1 wt% and have turnover fre-
quencies larger than those of Pt /TiO, by about
1 order of magnitude. This markedly enhanced
catalytic activity cannot be fully explained by
the size effect of Au particles. Use of a physical
mixture of TiO, powder with spherical Au par-
ticles of diameters around 5 nm calcined in air
at different temperatures indicates that the con-
tact structure of gold particles which yields the

longest distance of perimeter interface is impor-
tant for the genesis of high activity at low
temperatures [49].

For CO oxidation, supported gold catalysts
should be pretreated in air normally at tempera-
tures above 200°C. Evacuation at 400°C re-
markably reduces catalytic activity, which is
gradually restored during CO oxidation in the
presence of excess oxygen [50]. In contrast, Pt
supported on SnO,, which is also active at room
temperature, needs pretreatment in H, to form
alloys composed of Pt and Sn [51]. This differ-
ence suggests that the oxidation of the surface,
most specifically, of the perimeter interface be-
tween gold and metal oxide support, is impor-
tant for supported gold catalysts. An FT-IR
study showed that CO adsorption was depressed
by an evacuation pretreatment at 400°C and that

Table 2

Effective support materials for gold and reactions catalyzed

Reactions Supports Notes Ref.

Complete oxidation

CcOo TiO,, Fe,05, Co;0,, NiO active even at —70°C [8,53]
Be(OH),, Mg(OH), active even at —70°C {54,55]
Mn,0, selective in H, at 80°C [56]

CH, Co,0, as active as Pd [48,57]

(CH;);N NiFe,0, selective to N, [9}

Partial oxidation

CH,;CH = CH, - CHOCH = CH, Bi,Mo;0,, enhanced cat. activity with selectivity ~ [58]

unchanged
CH,CH=CH, - CH,CH-CH, TiO, highly selective in the presence of H,  [59]
(0]

C;H,; - (CH,),CO TiO, selective in the presence of H, [591

i-C4H,y = (CH;);COH TiO, selective in the presence of H, [59]

CsH,;,OH —» C,H,CHO borosilicate glass NO, - NO [60]

Hydrogenation

C0,, CO - CH,OH ZnO, Fe,0,, Z10, as active as Cu [61,64]

H,C = CH-CH = CH, - H,C-CH,-CH=CH,  Al,0, highly selective [65,67]

Environmental

NO+C;Hg+0,—N, Zn0, TiO,, Al,0, less selective to N,O [68]

Decomp. of halogenated compounds Al,0,, Co;0, longer life than Pt [69,70]

HCN synthesis from chlorofluorocarbons LaF, more stable than Pt [71]

Photocatalytic H, production TiO, less active by 70% than Pt [72,73]

Others

CH=CH + HCl - CH, = CHC1 HAuCl,/C highest catalytic activity [74}
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Fig. 3. Logarithmic reaction rate of CO oxidation over Pt-TiO,
and Au-TiO, catalysts as a function of reciprocal temperature.
Open square, 1.0%Pt-DP; filled square, 1.0%Pt—IMP; striped
square, 0.9%Pt-FD; open circle, 1.8%Au-DP; filled circle,
1.0%Au~IMP; striped circle, 1.0%Au-FD.

after oxidizing pretreatment CO and oxygen can
coadsorb on a gold surface at room temperature
[52].

4. Catalysis of supported gold particles

The catalytic nature of gold is newly created
or tuned by metal oxide supports. For example,
in the oxidation of CO and H,, gold supported
on metal oxides other than SiO, and Al,O; is
much more active for CO oxidation while un-
supported gold powder is more active for H,
oxidation [53]. In many other reactions, as shown
in Table 2, excellent catalytic performance by
gold can be brought about by the proper selec-
tion of support materials.

4.1. Oxidation

4.1.1. Low-temperature catalytic combustion
At present it is only methanol and its decom-
posed derivatives that can be catalytically oxi-

dized at ambient temperature [75]. For the com-
plete oxidation of MeOH, HCHO, and HCOOH
gold supported on TiO,, a-Fe,0,, or Co;0, is
almost as active as Pd or Pt supported on Al,O,
[56].

The low-temperature activities of supported
gold catalysts have recently prompted many
groups to work on CO oxidation [76-85] in
addition to the previous work using unsupported
gold [86-88]. The most effective supports are
the oxides of 3d transition metals of group VIII
[8,53] and the hydroxides of alkaline earth met-
als [54,55]. With high Au metal loadings above
10 wt%, these supports make gold active even
at a temperature as low as —76°C. It is interest-
ing to note that 3d transition metal oxides allow
gold particles to be larger than 2 nm but alka-
line earth metal hydroxides require gold parti-
cles smaller than 2 nm [89]. For the selective
oxidation of CO in H,, which is required for
polymer-electrolyte fuel cell operation, Mn ox-
ides give active and stable catalysts [56].

4.1.2. Mechanism for CO oxidation

The catalytic behavior of gold deposited on
metal oxides with different catalytic activities
for CO oxidation, TiO, (poorly active), a-Fe,0,
(active), and Co,0, (very active) can be sum-
marized as follows.

4 Au/Co30,
a Au/Fe203
o Au/TiOy

0.2}

T.0.F.(S)

CO OXIDATION
1 AT 0°C

0.1

[} 10 20
D,,{ nm)

Fig. 4. Turnover frequencies based on surface exposed gold atoms
as a function of the mean particle diameters of gold in CO
oxidation at 0°C. A, Au/Co,0,; O, Au/ a-Fe,0;; O, Au/TiO,.
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1. The catalytic activity can be correlated with
the contact structure giving the longest
perimeter distance of gold-support interface
[49,53].

2. The turnover frequency increases with a de-
crease in the mean diameter of gold particles
(Fig. 4) [53].

3. The reaction rate is 0 ~ 0.05 order with re-
spect to CO and 0.05 ~ 0.24 with respect to
0, [53].

4. Moisture enhances the catalytic activity [90].

5. CO is adsorbed as a linearly bonded
carbonyl on the surface and perimeter
interface of gold particles (Fig. 5) and
on the surface of metal oxide support as
carbonate and carboxylate species [52]. On
introduction of 1802, oxygen-exchanged car-
bonyl Au-C =0 and oxygen-coadsorbed
B0=Au-C=0 species appear on the sur-
face of gold together with C'®0,, C'*0"0,
and C'®0, in the gas phase. The surface
carbonates on metal oxide do not include *O
and require a longer time (several minutes)
for desorption.

6. Even on unsupported fine gold powder O, as
well as CO can adsorb and the reaction

between them can also take place at 0°C [91],

however, the catalytic activity per unit sur-

face area of Au particles is about 100 times

smaller than that of Au/TiO, [92].

Based on the above results, the following
reaction pathways can be proposed:

1. Reversible adsorption of CO on the surface
and perimeter interface of Au: Au+ CO —
Au-C=0.

2. Irreversible adsorption of O, at the perimeter
interface: Au-TiO, + O, + ¢ — Au-O3-
TiO, (rate-determining).

3. Surface reaction on Au: Au-C =0 + Au-
0;-TiO, — Au-O~ + CO,(g) + Au-TiO,
(on perimeter interface: fast), and Au-C = O
+Au-0° - Au+O0O-Au-C=0 -
2Au +CO,(g) + ¢~ (on Au surface: slow).

4. Surface reaction on the metal oxide:

&)
i

/ N\
Au-C=0+ O O -— Au+(|) 0 — COyxp+ O
O-M-0M™0
M M M"; M-+

|
O-M-O-M-0 O-M-O-M-O

5. Catalytic combustion of hydrocarbons

Gold deposited on Co;0, exhibits the highest
catalytic activity among supported gold cata-
lysts for the complete oxidation (combustion) of
hydrocarbon fuels [48,57]. 1t is inferior to Pd
and Pt catalysts in the combustion of unsatu-
rated hydrocarbons like propylene, however, it
is as active or more active for saturated hydro-
carbons like CH, and C;Hj;. This is probably
because olefins can adsorb on the defect sites of
small gold particles a little too strongly and may
retard the migration of oxygen adsorbed at the
perimeter interface. In the case of Pd and Pt,
they adsorb olefins much more strongly than
Au, however, probably this may make the disso-
ciation of C-C bonding in olefins faster than in
alkanes to give higher catalytic activities for
olefins.
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In the oxidation of trimethylamine, a typical
odorous compound, Au/NiFe,0, exhibits the
highest catalytic activity at temperatures below
200°C [9]. The advantageous features of the
supported gold catalysts over supported Pt cata-
lysts are higher catalytic activity at low temper-
atures and much higher selectivity to N, against
N,O.

6. Selective partial oxidation

In the past it has been reported that partial
oxidation took place to form HCHO from CH,
(Au/BaSQ,, 650°C, yield 0.4%) [93], HCHO
from CH,OH (Au gauze, 450°C, yield 100%)
[94], and propylene oxide (Au/SiO,, yield be-
low 1%, selectivity 50%) [95] or acrolein
(Au/Si0,, 262°C, yield 5%, selectivity 33%)
[96] from propylene. However, except for the
partial oxidation of CH,OH, the results could
not be reproduced. Gold supported on Al,O,
and MgO was reported not to produce ethylene
oxide [97] and propylene oxide [98] from the
corresponding olefins because of two surface
center adsorption per olefin molecule. Gas phase
reaction in the absence of catalyst has recently
been found to yield oxygenates with similar
conversions [99,100].

When Au, Pd, and Pt are supported on
Bi,Mo,0,,, which is an active phase for the
partial oxidation of propylene to acrolein, only
gold increases the yield of acrolein maintaining
selectivity unchanged while Pd and Pt enhance
complete oxidation of propylene to CO, [58].

Table 3

Our recent work has revealed that Au/TiO,
exhibits excellent selectivities in the partial oxi-
dation of propylene, propane, and iso-butane to
propylene oxide, acetone, and tert-butanol, re-
spectively, when both oxygen and hydrogen are
present [59]. In the partial oxidation of propy-
lene, as clearly shown in Table 3, Au is 100%
selective for the partial oxidation to produce
propylene oxide while Pd and Pt are selective to
hydrogenation to produce propane. The above
results indicate that over Pd and Pt hydrogen
dissociation takes place preferentially resulting
in hydrogenation while over Au hydrogen is
activated with surface adsorbed oxygen to form
an active and selective oxygen species, most
likely hydroperoxo species. It is very striking
that the reaction products switch from propylene
oxide to propane when the Au loading is low-
ered to 0.05 wt% from 0.1 wt% [101]. Careful
TEM observation suggests a possibility that the
switch over of reaction occurs at a critical diam-
eter of gold particles around 2.0 nm (Fig. 6).
This implies that gold particles with diameter
smaller than 2.0 nm resemble Pd and Pt in the
presence of oxygen and can dissociate hydrogen
molecules into atomic species. The enhancing
effect of O, addition in the hydrogenation of
propylene to form propane over Au/SiO, [102]
appears to coincide with the above phenomenon
observed for Au/TiO,.

In the partial oxidation by NO,, gold sup-
ported on borosilicate glass exhibits good selec-
tivities to form aldehydes and ketones from
alcohols [60]. The high selectivity to NO from
NO, is applied to the detection of butylated

Reaction of propylene with hydrogen and oxygen over Au-, Pd—, Pt-TiO, catalysts

Catalyst Metal loadings  Reaction temperature ~ Conversion (%) Selectivity (%) POyield POSTY *®
(wt%) °C) C;H, H, PO  acetone C;Hg CO, (%) (mmol /g-cat/h)

Au-TiO, ® 1 50 1.1 >99 - - - 109 0.18

Au-TiO, ¢ 1 80 0.2 - - <10 >70 0.00 0.00

Pd-TiO, ¢ 1 25 571 917 - 04 98 1 000 0.00

Pt-TiO, ¢ 1 25 121 866 - 2 92 6 0.00 0.00

Feed gas, H, /0, /propylene /Ar (10:10:10:70, vol%); flow rate 2000 ml /h; catalysts, 0.5 g.

 Space time yield.
b Prepared by deposition—-precipitation.
¢ Prepared by impregnation.
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Fig. 6. Product yields for the reaction of propylene with O, and
H, over Au/TiO, catalysts as a function of the mean diameters
of Au particles. Feed gas, H, /O, /propylene/Ar (10:10:10:70,
vol%); space velocity 4000 ml/h per g-cat.; reaction temperature
80°C.

hydroxy toluene which is used as an anti-knock-
ing agent for jet fuel [103,104]. Hydrogen per-
oxide can appreciably enhance the yield of cou-
pling products from CH, over a
Au/La,0,/Ca0 catalyst [105].

6.1. Hydrogenation

If gold supported on ZnO [61,62] and ZrO,
[63] is prepared by coprecipitation, it gives
methanol in the hydrogenation of CO and CO,
while other noble metals lead to deep hydro-
genation to form CH, as a main product. It
should also be noted that Au/ZrQO, prepared
from amorphous alloy mainly produces CH,
from CO [106]. Although commercial Cu/ZnO
based catalysts are more active than the above
gold catalysts, Cu, Ag, and Au catalysts pre-
pared in Baiker’s [63] and our [62] laboratories
for comparison under the same conditions (metal
loadings and preparation methods) give almost
comparable catalytic activity and selectivity to
methanol. This result indicates the necessity to
recall the proposal presented by Frost [64] and
to examine the controversial remarks reported
by others [107,108]. It is important to compare

gold with other catalytic metals under the same
conditions, especially at the same dispersion,
which has been often ignored in the past discus-
sions. The selectivity and activity for methanol
synthesis differ only a little among IB metals;
basic metal oxides bring about methanol selec-
tivity (Fig. 7) and the activity per unit surface
area increases with a decrease in particle diame-
ter in the case of Au [109].

Gold was reported to be very selective in the
hydrogenation of olefins although less active
than Pd and Pt [110,111]. Once dissociated hy-
drogen is supplied gold is active for hydrogena-
tion [112]. Butadiene can be selectively trans-
formed to butene with 100% selectivity [65-67].
A highly dispersed Au/ZrO, catalyst prepared
from amorphous alloy gives 100% selectivity to
monoalkenes from butadiene, propadiene, and
propyne and exhibits preference for hydrogena-
tion of C = O bonds over that of C = C bonds
in the hydrogenation of unsaturated carbonyl
compounds while the same catalytic systems
prepared by impregnation exhibit much lower
catalytic activity and inferior selectivity [67].
Isomerization is often depressed [2,113,114].

Methanol yield (%)

0 L o L L
100 150 200 250 300 350 400 450
Temperature (°C)

Fig. 7. Methanol yield as a function of reaction temperature in the
hydrogenation of CO, over supported gold catalysts. O, Au/ZnO
(Au/Zn =1:19); O, Au/ a-Fe,0; (Au/Fe=1:19); a, Cu/Zn0O
(Cu/Zn=1:19); W, Au/TiO, (Au/Ti=1:19). CO, /H, /Ar =
23:67:10, 50 atm, SV = 3000 ml/h per g-cat.
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Fig. 8. Temperature dependence of NO conversion to N, over
Al,0; and gold supported on a variety of metal oxides. Au
loading, 1.0 wt%; reaction gas, NO 1000 ppm +C;H4 500 ppm +
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The activity for hydrogenolysis is much less
than that of Pt group metals [115). These results
indicate prospects for supported gold catalysts
to be applied to controlled hydrogenation of
unsaturated compounds.

6.2. Reaction of nitrogen oxides

The decomposition of N,O takes place at
300-425°C over evaporated Au films [116] and
at 830-990°C over Au filaments [117]. Since
oxygen adsorption hardly takes place the reac-
tion rate is dependent linearly on N,O concen-
tration alone.

The reduction of NO with CO in the absence
of oxygen occurs at temperatures below 100°C
over gold supported on a-Fe,0O; or NiFe,0,
yielding N, as a main product [118], while the
product over unsupported gold is N,O [88].
Au(I) /ZSM-5 is also reported to be active for
this reaction at low temperature [119]. On the
other hand, Pt-group metals require higher tem-
peratures and yield much more N,O. The CO +
NO reaction is appreciably decelerated by the
presence of O, but not by H,O over Au/a-
Fe,0,.

The reduction of NO with propylene takes
place over several supported gold catalysts and
is accelerated by the presence of O, and H,O
[68]. Fig. 8 shows that ZnO, MgO, TiO,, and
Al,O; supports bring about activities from low
temperature (200°C) to high temperature (500°C)
and that Al,O; support gives the highest con-
version of NO to N,. Over the Au/Al,0,
catalyst NO is oxidized to NO, which then
reacts with C;H4 to form N,. The addition of
Mn,0O, to Au/Al,O, for enhancing NO, for-
mation markedly improves the conversion of
NO to N, over a wide range of temperature
[120]. This composite gold catalyst offers one of
the best performances in NO conversion among
the catalysts so far developed.

6.3. Reaction of halogen compounds

Gold supported on Co;0, or Al,O; is as
active as Pt catalysts for the oxidation-decom-
position of CCL,F, and CH,Cl [69,70]. It has
also been reported that Au/LaF,; is as active as
Pt/LaF, for the synthesis of HCN through the
reaction of fluorinated hydrocarbons with NH,
[71]. The advantageous feature of supported gold
catalysts over Pt catalysts for the above reac-
tions is claimed to be their better stability.

6.4. Photocatalytic hydrogen production

In the photocatalytic production of hydrogen
from the aqueous solutions of ethylene glycol
[72] or ethanol [73] by TiO,, the catalytic activ-
ity of Au is found to be about 70% of that of Pt
under the same metal loading. Since the mean
particle diameters of Au and Pt were 4.6 nm
and 2.4 nm, respectively, the above result sug-
gests that gold is not so inferior to Pt. In the
complete photocatalytic decomposition of water
[121,122], the recombination of H, and O,
produced should be avoided. In this respect,
gold seems to be more suitable because it is
much less active in hydrogen oxidation than Pt.
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6.5. Other reactions

There are two reactions for which gold is
proved, or is expected to be, the most active
catalytic material. In the hydrochlorination of
acetylene for the manufacture of vinyl chloride
monomer, it is indicated that the rate-determin-
ing step involves the addition of HCl to a
surface metal-acetylene complex, whose stabil-
ity is a major parameter in determining the
catalytic activity and selectivity of metal chlo-
rides. Since the standard electrode potential for
the reaction of M**+ ne”— M can be corre-
lated with the formation of both metastable
acetylides and complexes with HCI, Au(IID)
cation which has the largest standard reduction
potential, E° = 1.42 V has been predicted to be
the most active [123]. In fact gold supported on
activated carbon exhibits greater activity than
Hg(I) and PA(I) chlorides [74].

For the production of hydrogen peroxide,
previous experimental work mostly involved
Pd-based catalysts supported on activated car-
bon. However, overall analysis of all the ele-
mentary steps through the Bond Order Conser-
vation—-Morse Potential Method predicts that
gold is more active than Pd, Pt, and Ag [124]. It
was revealed that oxygen dissociation over gold
was more difficult and thus the formation of
surface OOH should be enhanced and the acti-
vation energy for the reaction of OOH + H —
H,0, is low.

7. Applications of highly dispersed gold cata-
lysts

Gold has been commercially used for
bimetallic Pd—Au catalysts supported on SiO,
in the production of vinyl acetate from ethylene
and acetic acid [125)]. Notable recent advances
are the reduction of NO, with H, to form NO
over Au/Al,O, at around 300°C in the syn-
thetic processes of nylon-66 [126] and the oxi-
dation—decomposition of odors, mainly amine-

related compounds, over Au/a-Fe,O, carried

on zeolite-coated honeycomb in modern

Japanese toilets [127].

There are several other candidates which are
technologically ready for commercial applica-
tions. These applications have been motivated
by the interesting fact that supported gold cata-
lysts are usually enhanced in their activities by
moisture [90,128]:

(1) CO, regeneration catalysts for sealed,
unheated CO, lasers [40,129-131].

(2) CO safety gas masks [132].

(3) CO removal from air to produce high-pur-
ity N, and O, gas [90].

(4) CO gas sensors [10].

Although the above on-going applications of
gold catalysts cover only limited area in com-
parison with those of Pt-group metals, there are
many prospects for widening its capabilities and
applications in the near future.

1. Chemical industries: it is desired to develop
novel chemical processes which can save
energy and resources and can minimize bur-
dens to the environment. Gold will make a
significant contribution to the selective oxi-
dation of hydrocarbons with oxygen and se-
lective hydrogenation of unsaturated hydro-
carbons.

2. Environmental protection and maintenance:
in addition to indoor-air cleaning at ambient
temperature gold catalysts will be effective
for the protection of the global environment,
for example, decomposition of halogenated
hydrocarbons, reduction and decomposition
of NO and N, 0.

3. Chemical sensors: semiconductor-type gas
sensors have already been developed
[10,133-141]. Optical gas sensors will pro-
vide a new technological advance because
they are resistant to electrical noises and
enable the recognition of gas molecules by
using light with different wave lengths [142—
144].

4. Electrochemical process: the electrochem-
istry of gold is also expected to find its
application in fuel cells, batteries, and some
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electrochemical sensors. One example is an
electrode for methanol fuel cells [145].

8. Conclusion

Although the surface of gold is intrinsically
inert, the catalytic nature of gold has been found
to be tunable for many important reactions
through the control of its particle size, the suit-
able selection of support materials, and the ar-
chitecture of the metal-support interaction. These
features promise two important opportunities for
gold in the science and technology of catalysis.
The markedly large structure sensitivity of ac-
tivity and selectivity will offer interesting topics
for fundamental research at an atomic scale.
The wide range in tunability of catalytic proper-
ties from oxidation to hydrogenation presents
future opportunities for industrial and environ-
mental applications. In particular since sup-
ported gold catalysts are especially active at low
temperatures, applications at ambient tempera-
tures for environmental maintenance will be a
significant contribution of gold catalysts.
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