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Catalysts comprising between 1 and 3.6 wt% Au on TiO have
been studied by Debye function analysis. The structure of the de-
posited particles in Au/TiO,, prepared by deposition—precipitation,
in the presence of magnesium citrate, was predominantly fcc
cuboctahedral, with a size distribution between 3 and 4 nm. Op-
timized fits indicate a twin probability of ~9%. Au/TiO, catalysts
prepared by photodeposition were found to be much less active for
CO oxidation than catalysts prepared by deposition—precipitation
and comprised fcc cuboctahedral particles between 1 and 7 nm in
size. (© 1999 Academic Press

Key Words: gold; TiO,; catalysis; Debye function analysis; crys-
tal structure; nanoparticles.

1. INTRODUCTION

In recent years, because of the efforts of many groups,
the catalytic activity of gold has become widely recognized.
In general, most experimental results have shown that on
large extended Au surfaces, oxygen is unable to adsorb on
the (110) or (111) faces, and that over gold plates, molecu-
lar oxygen is chemically inert unless exposed to electric dis-
charge (1), microwaves (2), or ozone (3). Onrelatively clean
gold powders of submicrometer size, surface-adsorbed oxy-
gen molecules become active, however, and the material
shows high catalytic activity (4), even without the aid of
electric discharge or microwave excitation. Not surprisingly
several hypotheses have been put forth to explain the dif-
ference in activity, but beyond the observation that the ac-
tivity of nanometer gold apparently derives from the ability
of molecular oxygen to chemisorb onto the surface of the
particle with Brgnsted base character (5), the reason for the
sudden chemical activity of gold remains largely a mystery.

One of the most plausible explanations for the high ac-
tivity of nanometer gold put forward over the last 10 years
emphasizes the structural aspects of the interface between
gold and its support. However, as it is difficult to define with
any accuracy the structure of the support, the importance of
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the interface is still at present unclear. Another explanation
for the activity of gold has therefore become popular that
it takes into account the different crystal structures exist
at nanometer sizes. In essence, at small sizes (approaching
the nanometer region) it is possible for Au crystals to take
any one of several different structures. If the catalytic re-
action is structure sensitive, it is then apparent that slight
changes in the crystal symmetry may result in large chemical
changes.

In attempts to confirm which of the two models is cor-
rect we have recently carried out initial experiments on a
Au/Mg(OH), catalyst (6, 7), that appear to indicate that
the structure of the Au particle is the most important pa-
rameter in defining the catalytic activity. At small sizes, the
most stable structures are the truncated octahedral series,
the standard octahedral structures, and the catalytically ac-
tive Mackay icosahedral species (6-15). In larger crystals,
the face-centered cubic (fcc) cuboctahedral is the most sta-
ble structure (16-18). Unfortunately, in our previous work
it was not possible to determine the surface structure of the
support. Thus, even though the initial results are promising,
the results we obtained still do not make it clear whether
the change in catalytic activity associated with changes in
crystal structure from fcc cuboctahedral to icosahedral is a
general phenomenon (i.e., the icosahedral structure is re-
quired in all gold catalysts), or the structure and chemical
behavior of each catalyst are unique and must be considered
separately. This point is extremely important to resolve if
theoretical studies are to become possible.

The system that we chose in an attempt to resolve this
question was based on the Au/TiO, system. Au/TiO; is one
of the most frequently studied systems due to the belief
that TiO; is the best metal oxide for studying the so-called
strong metal support interaction (SMSI). Also, the system
is of interest as it is the only catalytic system to show the
so-called “switching mechanism” through which the cata-
lyst changes from an oxidative to a reductive catalyst simply
through changes in Au particle size. Above 2 nm, Au/TiO,
acts as a partial oxidative catalyst (which assists in the for-
mation of propylene oxide from propylene), whereas below
2nm, Au/TiO, causes the reduction of propylene to propane
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(19-21). The AuU/TiO; system is thus of great interest to
both the catalyst scientist and theoreticians studying the
electronic behavior of quantum size devices.

Three different Au/TiO; systems were studied, with size
distributions varying between 1 and 10 nm. Emphasis was
placed on attempting to resolve the crystal structure of the
supported gold particles, to determine if the changes in ac-
tivity observed between the three systems are related to
changes in crystal structure.

2. EXPERIMENTAL

Interestingly, while the activity of Pt supported on TiO; is
found to be almost independent of the preparation method
used, the activity of Au/TiO, varies dramatically. Au/TiO;
prepared by deposition—precipitation is normally active at
temperatures well below 0°C and has activity much higher
than that of Pt, but on the other hand, catalysts prepared by
photodeposition are largely inert and show only marginal
CO oxidation activity (22).

Catalysts with between 1.3 and 3.6 wt% loadings were
prepared by three methods: deposition—precipitation in the
presence of magnesium citrate (23), photodeposition (22),
and normal deposition—precipitation followed by vacuum
calcination (24). These catalysts are defined in subsequent
text as Mg-cit Au/TiO,, PD-AU/TiO,, and vac-Au/TiO,. For
Au prepared by deposition—precipitation in the presence of
magnesium citrate, the TiO, support used was JRC-T10,
(Degussa, surface area 50 m?/g). For this experiment suffi-
cient gold was present in the solution to give a theoretical
maximum gold loading of 8 wt%. However, as is usual in
deposition—precipitation preparations, a percentage of the
gold fails to interact with the support and the final gold load-
ing was determined to be only 3.0 wt% (chemical analysis
carried out independently by Sumika Chemical Analysis
Service, Ehime, Japan). From XRD measurements the sup-
port is mainly anatase with trace amounts of srilankite. The
HAUCI, - 4H,0 used for deposition was of reagent grade
and 99.5% purity, obtained from Kishida Chemicals Com-
pany. The major metal impurities in the chloroauric acid
were Pt, Ir, and Pd, at 2, 7, and 11 ppm. However, the con-
centrations of trace elements within the Au/TiO; catalyst
were below analytical detection levels, and the deposited
gold, especially in the very small, nanometer particles, is
considered pure. It may be noted that by simple calcula-
tions we can determine that for an average size of 1 to 5 nm
(assuming 100 atoms per cluster) only about one Au cluster
in every hundred should contain a Pt, Ir, or Pd impurity.
This number is an upper limit and should decrease when
the facts that (a) impurities generally concentrate only at
defects and (b) recrystallization is by default a purification
process are taken into account. Thus, as in all previous pa-
pers, it is considered unlikely that the presence of Pt or Pd
impurities affects the activity of the system.

For the preparation of PD-Au/TiO; catalyst (22), 100 mg
of TiO, was suspended in 4 ml of distilled water and agi-
tated in an ultrasonic bath for 1 h. After agitation the TiO,
was transferred to a quartz cell photoreactor. To the slurry
a 1:1 (v/v) solution of water: methanol and HAuUCI, suf-
ficient to provide a 3.6 wt% loading was added. The pH
of the suspension was then adjusted to 7, and the mixture
deaerated with pure Ar (80 ml/min) for 30 min. After deaer-
ation the suspension was irradiated with a high-pressure
Hg lamp operated at 25 mW cm~2 at 313 K for 30 min.
After irradiation the sample was washed in hot aqueous
water to remove chlorine and vacuum-dried. The catalyst
was then used without further treatment. Samples prepared
by vacuum calcination followed the standard deposition—
precipitation technique, outlined in Ref. (24). After the
TiO, support was mixed in an aqueous solution of HAuCl,
(Tsoin="70°C, pH 7.0) for 1 h, the catalyst was washed and
the powder collected by filtration. The catalyst was then
dried under vacuum and, without reexposure to air, cal-
cined at 400°C for 4 h. The total gold loading deposited
on vacuum-calcined Au/TiO, (vac-TiO;) was 1.3 wt%. In
all three preparations, for Debye function analysis (DFA),
blank TiO; supports were also prepared with HCI used in
place of the chloroauric acid.

Test for catalytic activity were carried out using 1% CO
gas balanced in air with a space velocity of 20,000 ml h=Y/
g cat. The reactor was a fixed-bed type, identical in design to
that described in Ref. (25). As with previous publications
the effect of moisture has not been included in the mea-
surement of catalytic activities. Although, moisture levels
strongly affect turnover frequencies (25), in these studies
as we have operated all three catalysts under equivalent
conditions of approximately similar water content, it was
considered that the results were internally consistent and
that no further studies were required.

For DFA experiments translucent pellets 8 x 15 x
0.2 mm?®in volume (ud ~ 1.0), of both the Au/TiO; catalysts
and the TiO, support, were made by pressing the powder
to a pressure of 4 tons/cm?. Samples were then mounted
in a specially designed reaction cell (26), which in turn was
mounted on a commercial Guinier diffractometer (Huber).
The cell was aligned 45° to the transmission geometry. To
aid background subtraction of the support, diffraction pat-
terns of both the Au/TiO, catalyst and TiO; support were
taken simultaneously. X-rays of CuKa; wavelength were
generated by a conventional X-ray source, with the energy
defined using a Johansson-type Ge monochromator. An Al
filter of 15-um thickness mounted at the receiving slit was
used to suppress Ti fluorescence.

After recording diffraction spectra for the Au/TiO, cata-
lystand the JRC-T104 support, DFA of the difference spec-
tra was carried out using three-dimensional model gold
clusters created with and without crystal defect twin planes.
From the atomic coordinates one can then calculate the
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FIG. 1. High-resolution transmission electron micrograph of the 3 wt% Mg-cit Au/TiO; catalyst, revealing the presence of twinned gold particles
and particles of semispherical shape. Inset: Highly amorphous region between the support and gold particle that suggests strong local reconstruction
of the TiO, under the gold particle.
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scattering intensity. The DFA is thus based largely on the
summation of the scattering vector components from model
clusters of incremental increasing size (27-33),

N
In = Z fn fm[Sin(2 bram)]/ 2 bram),

n,m=1

where Iy is the total intensity and f is the scattering factor
for species n and m. The term b refers to the scattering vec-
tor. For analysis, the summation is then directly compared
with the experimental difference spectra, allowing both the
size distribution and crystal symmetry to be extracted. Free
parameters are used for calculating the number fractions of
the individual clusters, with additional parameters used to
define the exponent of the Debye—Waller factor, the mean
interatomic distance averaged over all clusters, and to ac-
count for errors in the background subtraction. The quality
of the fit is controlled by the R factor:

R= {Z(lobs - |calc)2}l/2/zlobs-

Although particles of any size can be used, in practice
analysis is carried out using magic numbers, with the par-
ticle size averaged using discrete closed-shell structures of
gradually increasing size. This simplification in size distri-
bution has been found to substantially ease data analysis,
without deviating too much from the true continuous size
distribution. Details of the method are given in Refs. (28,
29). Total surface exposures are calculated from DFA data
by counting the number of surface atoms (Ns) of the model
clusters used in the theoretical simulations. The total dis-
persion is the weight-averaged dispersion (Ns/N) of the
individual model clusters (28). No assumption during this
part of the analysis is made for blocking part of the sur-
face by bonding to the support. It should also be noted
that though the Debye functions of a fcc cuboctahedral ar-
ray differ substantially between crystals of icosahedral and
decahedral symmetry, as the Debye functions for two fcc
crystals are nearly identical (even if they are of different
particle shape) we are not usually able to distinguish be-
tween three-dimensional crystals that exist in the form of a
sphere or a raft.

High-resolution transmission electron micrographs were
recorded using a Hitachi H-9000 transmission electron mi-
croscope (TEM). All size distributions based on trans-
mission electron micrographs were calculated by a man-
ual search of approximately 200 particles, taken over 5 to
10 separate micrographs. Particle dimensions were deter-
mined automatically with the aid of a computerized image
analyzer (Excel, Nippon Avionics Co. Ltd).

3. RESULTS

Transmission electron micrographs of 3 wt% Mg-cit
AU/TIO, (Fig. 1) reveal two different morphologies for the

gold particles: well-defined crystalline particles in which
several faces can be clearly seen, and simple more spherical-
type clusters. On a number of occasions twinning of the gold
particles s clearly evident. Unfortunately the study of twins
by TEM is extremely difficult due to the need to align the
particle with a high degree of precision perpendicular to
the electron beam, and the absolute percentage of parti-
cles present that contain twins is largely uncertain. Where
twins are seen in the transmission electron micrographs,
most occur in the larger particles, suggesting perhaps that
the twinned particles form by the coalescence of two or
more smaller particles. This result is in agreement with pre-
vious TEM studies which show that most large polycrys-
talline structures appear to comprise multiple twinned par-
ticles that rapidly fragment or rearrange under study (34).
Between the gold and TiO, support the structure of the
support is highly amorphous.

The TEM-related size distribution shown in Fig. 2 tends
to be inhomogeneous for PD-Au/TiO,, extending from 1
to 14 nm in size (22). Again, the shape of the crystal (not
shown) tends to be largely irregular, varying with the size
of the crystal. Analysis of the 1.3 wt% vac-Au/TiO, cata-
lyst was complicated by the apparent low concentration of
gold in the metallic state. Normally, during vacuum calci-
nation, the gold precursor remains an ionic species, which
coalesces to the Au metal only slowly under oxidative reac-
tion conditions (24). On exposure to a TEM electron beam,
however, the particles rapidly coalesced to between 1 and
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FIG. 2. TEM-calculated size distributions of the deposited Au parti-

cles present in (a) 3 wt% Mg-cit Au/TiO; and (b) 3.6 wt% PD-Au/TiO,
(22). In photodeposited gold the size distribution extends to 14 nm.
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(A) X-ray diffraction patterns for (a) 3 wt% Mg-cit Au/TiO, (solid line) and the TiO, support (dashed line), (b) the X-ray difference

intensity, and (c) Debye function analysis assuming the presence of (dotted line) only single fcc cuboctahedral gold particles and (solid line) single
twinned fcc gold particles. In the latter case the R factor improves from 2.2 to 1.6%. (B) X-ray diffraction patterns for (a) 3.6 wt% PD-Au/TiO, (solid
line) and the TiO, support (dashed line), (b) the X-ray difference intensity, and (c) Debye function analysis assuming fcc cuboctahedral gold. The R

factor is 2.7% for this simulation.

2nminsize. As aresult, the original shape and size distribu-
tion of the gold particles in vac-Au/TiO; could not be deter-
mined.

DFA (Figs. 3A and 4) of 3 wt% Mg-cit Au/TiO,, taken
1 week after preparation, reveals the average size of the
gold particles present to be on the order of 3.0+0.3 nm,
with 42 +£5% of the gold atoms located at the surface.
Figure 3A shows (a) the original intensity of the Au/TiO,
catalyst taken 1 week after preparation and the TiO; sup-
port, (b) the difference signal, and (c) the simulation of
the experimental difference spectra by Debye functions. In
part (c) of the analysis the experimental data are converted
so that they are equidistant along the b scale, resulting in
the slight change in the appearance of the data. No change
in size distribution or crystal structure was observed either
during or after catalytic studies, indicating that for 3 wt%
Mg-cit Au/TiO,, the Au is structurally stable during CO

oxidation. On average the calculated size distributions ob-
tained for each catalyst by DFA (Fig. 4) agreed closely with
those obtained by TEM.

In Fig. 3A it can be seen that though the general fit for
the 3 wt% Mg-cit Au/TiO, catalyst is reasonable, in the
vicinity of the 200 peak, at approximately b=0.48 A1 a
slight difference does occur. According to Warren, the 200
peak is the most sensitive to the presence of twinning and/or
deformation faults (35). Theoretically these stacking faults
should broaden and slightly shift the 200 peak inward, as
seen with the actual experimental data for 3 wt% Mg-cit
AU/TIO,. The presence of twins would also agree with the
work of Patil et al. (15) who has previously stated that multi-
ple twinned particles are theoretically the most stable crys-
tallographic structure at nanometer sizes. Cleveland et al.
(16, 17) have also stated the same and that although the
Marks decahedra is classified as being a multiple twinned
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FIG. 4. DFA-calculated size distribution of the gold particles present
in (a) 3 wt% Mg-cit Au/TiO, and (b) 3.6 wt% PD-Au/TiO,. The discrete
bars correspond to the sphere-equivalent cluster diameters. The solid lines
represent a continuous size distribution that fits equally well to the exper-
iment (28). The latter are calculated by convolution of the discrete size
distributions with Gaussians of constant relative width AD/D, where AD
is the diameter increment of the model clusters. For Mg-cit Au/TiO, the re-
sult of the two simulations (compare Fig. 3A) are plotted in the top graph.
The difference between these two distributions relates to the errors of the
DFA method.

structure, for this specific decahedra intrinsic strains are
substantially reduced.

On accounting for the presence of crystallographic twins
in the DFA analysis (Fig. 3A, ¢) an improvement in the
quality of the 3 wt% Mg-cit Au/TiO, spectrum was ob-
served using model clusters that contain one single twin
(solid line). Due to limits in computing time and the almost
infinite number of permutations possible (e.g., ensembles
of nontwinned and multiply twinned particles) only single
twinning was considered in the calculation. To quantify the
degree of twinning, we use the usual bulk parameter g for
the twin probability (8 = number of twin planes divided by
total number of net planes parallel to the twin plane). For
small particles the average number of 111 planes per par-
ticle is Dn/d111, which equals 11 (2.5/0.23) (Dn = humber
average of diameters, d;;; = (111) netplane distance). Thus
the twin probability g can be estimated to be 1/11, or 9%.

In contrast to the 3 wt% Mg-cit Au/TiO, catalyst, the
3.6 wt% PD-AU/TiO; catalyst (Fig. 3B) clearly exhibits a
narrow X-ray diffraction peak overlying a broad underlying
wing that slowly changes in intensity. This structure quali-

tatively indicates a broad size distribution going from small
to large sizes.

In Fig. 4b an optimized DFA fit for 3.6 wt% PD-Au/TiO,
gives a mass mean diameter of approximately 6 nm, with
about 20% percent of the gold existing in the form of 0.7-
to 1.2-nm particles, containing ~55 or fewer atoms. This
implies that 33% of the contained gold is located at the sur-
face. From a DFA the larger crystals also appear to be of
fcc symmetry, indicating that irrespective of the deposition
method, the cuboctahedral symmetry forms at between 2
and 8 nm. A slight broadening of the high-order peaks is
also observed which on fitting the line profiles by Pearson
V11 functions indicates an internal microstrain g11; ~ 0.6%
alongthe [111] direction, presumably originating from grain
boundaries within the larger crystals. From the calculation
of the integral linewidth shown in Fig. 5 one can also mea-
sure a mass average gold particle diameter of 7.0+1 nm
for the PD-AuU/TiO, sample, which is comparable in value
to that given by DFA. The contribution of stacking faults
to the linewidth is below the detection limit.

DFA of the 1.3 wt% vac-TiO; catalyst (Fig. 6) was re-
stricted by the low concentration of gold that exists in the
metallic state. This results in an extremely weak difference
spectrum, lying at the limits of detection. From a prelimi-
nary analysis, however, it is possible to determine that the
particle size of the gold is between 1 and 2 nm and the
structure is, again, mainly fcc cuboctahedral. As mentioned
before, in the vacuum-calcined TiO, system most of the gold
is apparently in the ionic state (24) and thus not analyzable
by the DFA technique. For these reasons and also because
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FIG.5. Difference intensity for 3.6 wt% PD-Au/TiO; (circles) and
peak fitting with Lorentzian-type Pearson VI functions (solid line). The
integral linewidths deduced from the fit are displayed on the right axis
(filled triangles). According to Warren (35) linewidth can be fitted by
using mass mean crystallite size, internal microstrains, and stacking faults
as free parameters (open triangles).
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FIG.6. XRD patterns of Au/TiO, and TiO, calcined under vacuum.
The difference signal shown in the lower panel is very weak and cannot
be used for DFA. A crude value for the gold cluster size of this catalyst
is obtained by comparison with single Debye functions. A fcc-type three-
shell cuboctahedron Aui4; (D = 1.7 nm) fits best to the difference pattern
(solid line).

atomic absorption provides only the total gold content and
not the total content of gold in the metal state, it was not
possible to determine the turnover frequency for this cata-
lyst (Table 1).

4. DISCUSSION AND CONCLUSIONS

In making conclusions based on the given results it is
worthwhile to bear a number of points in mind. In cata-
lysis quite often very little is known concerning the behav-

TABLE 1

Calculated Size Distributions and Turnover Frequencies for Vac-
AU/TiO,, Mg-cit Au/TiO,, and PD-Au/TiO; Catalyst?

Size range Crystal Surface  TOF Twin

Sample (nm) type Ty, exposed (203 K) probability
1.3% vac. 1-2 fcc 298 K NAP NA? NA
3% Mg-cit 2-3 fcc 203K 44% 3.7x1072 9%
3.6% PD 1-8 fcc >523K  33% 5x1077 <1%

@ The TOF for vacuum-calcined catalyst could not be determined due
to insufficient information on the fraction of gold present in the metallic
form.

b Not analyzed.

ior of Au particles or, indeed, any other ultrasmall mate-
rials. Transmission electron microscopy and other related
techniques (36) have in recent years been used, but are
often limited by two problems: first they analyze only a lim-
ited area of the catalyst and second they require the catalyst
to be studied under conditions far from those we actually
use in tests. The alternative X-ray technique, EXAFS, which
has gained widespread use in recent years, though beneficial
in many respects, is surprisingly of limited use in studying
nanoparticles. This is probably due to the need in EXAFS
for the sample to be homogeneous, so that data analysis can
be simplified, and also because of the complex overlap of
four competing signals caused by atoms located at (i) the
interface between the gold particle and the support; (ii) the
periphery between the gold, the support, and air molecules;
(iii) the surface gold atoms exposed only to the air phase,
and (iv) the bulk Au atoms located at the center of the
particle. The EXAFS technique is therefore incapable of
determining the crystal symmetry of the Au particle and
was therefore not used in this study.

In previous work (6, 7) for Au supported on Mg(OH)s,
the main active species is gold in the icosahedral symmetry.
This conclusion is based on observations that higher cata-
lytic activity occurs only with increasing icosahedral content
in the catalyst and also agrees with the observation that
high activities are seen in Au/Mg(OH), catalyst only when
the particle is smaller than 1 nm, or in other words in the
size region where theoretically the icosahedral particles first
become stable.

The results obtained here, for the Au/TiO, system, thus
differ from those for Au/Mg(OH), catalyst in the crystal
structure which is active. In all three Au/TiO, catalysts the
active crystal structure is of fcc symmetry. We are there-
fore forced to consider that either (a) a different reaction
route is involved in the case of TiO,, which would imply
that the reaction does not take place on the gold (this is
considered unlikely based on our previous knowledge that
TiO, is inactive), or (b) the reaction takes place at the
interface between gold and the support, in other words,
the catalytic activity is related to the structure of both the
gold and support species.

Due to the different crystal symmetries between the pre-
viously studied Au/Mg(OH), system (6, 7) and the Au/TiO,
system, which we studied in this paper, it is therefore prob-
able that each gold catalyst must now be considered sepa-
rately (4). The ability of Au/TiO; to catalyze CO oxidation
using fcc cuboctahedral symmetry gold particles, whereas
for Au/Mg(OH), the icosahedral structure is required, di-
rectly implies that the reaction must take place at the in-
terface and that the structures of both the gold particle and
the underlying (amorphous) support are important in de-
termining the overall activity. From our studies of gold cata-
lysts over many years this appears entirely reasonable. Gold
is able to induce a low-temperature oxidation reaction over



STRUCTURAL ANALYSIS OF Au/TiO; CATALYST

alkaline earths, transition metal elements, and also p-block
speciessuch as SiO, (37-41), despite the large differences in
electronic properties that exist between them. Itis therefore
apparent that with changes in the structure of Au and the
support, gold-based catalysts are highly complex. Clearly,
further work is required to determine the structure of the
interface and also to determine whether defects such as
twinning planes affect the overall activity.
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