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Au was loaded (1% wt.) on three different ZnO supports, by three different methods: photodeposition,
double impregnation and ultrasonication. Two commercial ZnO supports were used, along with a ZnO
sample consisting of nanosized single crystals prepared by chemical vapour deposition. The samples
were extensively characterised by various techniques. CO oxidation was used as a test reaction to com-
pare the catalytic activity. The best results were obtained with ZnO prepared by chemical vapour depo-
sition with Au loaded by ultrasonication that showed an activity of 2 molco g5, h™! at room temperature.
High-resolution electron microscopy images of the sample showed a number of gold nanocrystals epitax-
ially oriented on the ZnO rod. The unique catalyst-substrate interaction can be related to the increased
catalytic activity of this sample, which was not observed for any of the others.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

When compared to other supports, ZnO has been less used as a
carrier for gold catalysts [1,2]. Some examples of reactions cata-
lysed by Au/ZnO materials include methanol synthesis [3], metha-
nol steam-reforming to hydrogen [4], selective catalytic reduction
of NO using propene [5], hydrogenation of CO, [6,7] or aldehydes
[8,9], H,0; synthesis [10], oxidation of salicylic alcohol [11], epox-
idation of styrene to styrene oxide [12] and photocatalysis [13].
Few studies were carried out with Au/ZnO on CO oxidation [14-
19] even though this is an intensively studied reaction with several
other supports [1,2], and on related reactions, such as water gas
shift [20] and preferential oxidation of CO in the presence of hydro-
gen (PROX) [21-27]. Moreover, Au/ZnO might be a promising sys-
tem to use as a sensor for CO [28-30], VOCs [31], butane [32],
hydrogen [33], oxygen [34] and for bio-active compounds [35].

Nevertheless, Wang et al. [16] found that Au/ZnO catalysts ex-
hibit good catalytic activity and stability for CO oxidation at room
temperature in the presence of water. When comparing Au/ZnO,
Au/CuO and Au/CuO-ZnO catalysts prepared by a coprecipitation
method, Hutchings et al. [15] found out that they were highly ac-
tive for CO oxidation and capable of sustained activity at 20 °C.
The highest activity was observed with Au/ZnO, which showed
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the smallest, homogeneously dispersed, Au nanoparticles (2-
5nm), in comparison with the other samples. Other researchers
believe that Au/ZnO catalysts could be the best candidates for
the removal of CO from hydrogen-rich fuel gases [21,22,24,25].
During 500 h of continuous experimental investigation for CO
selective removal at 353 K, it was shown that the Au/ZnO catalyst
had good stability [21,23]. Although its performance slightly de-
creased when the time-on-stream exceeded 350 h, addition of a
small amount of Pt to Au/ZnO improved its stability [23]. Other
authors showed that Au/ZnO catalysts retained full conversion
and selectivity for long-term PROX reactions and repetitive cycles
[25].

In this work, three different ZnO samples were used as supports
for Au: two commercial ZnO supports (from Evonik and Strem),
along with a ZnO sample consisting of nanosized tetrapods pre-
pared by chemical vapour deposition (CVD). Gold was loaded by
three different methods: photodeposition (PD), double impregna-
tion (DIM) and ultrasonication (US). Concerning the first, only
few reports exist on photodeposition of Au, and all of them refer
to TiO, supports [36-42]. However, PD proved to be an efficient
and simple method for metal deposition over semiconductor mate-
rials, causing simultaneous reduction in the metal ions by conduc-
tion band electrons of the semiconductor [43,44]. The rate of
photodeposition can be enhanced by addition of “sacrificial elec-
tron donors” that can supply an almost unlimited number of elec-
trons [44,45]. The reason why this technique has been scarcely
used is related to the production of less active catalysts than other
traditional techniques, such as deposition-precipitation [36-38].
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The origin of this low activity can be ascribed to both the size and
shape of the gold particles produced by the photodeposition meth-
od, which are large and spherical, whereas those prepared by other
methods are typically smaller than 5 nm in diameter and hemi-
spherical in shape [46]. Consequently, for the same Au loading,
one obtains lower dispersions and smaller contact perimeter be-
tween Au and the support, both of which are thought to be critical
parameters in determining the overall activity [37]. However,
some authors reported on the production of 1.5-5 nm particles
of Au by PD on TiO, [37,40]. These promising results on TiO,,
and the fact that PD of Au on ZnO was never tested before, to the
best of our knowledge, prompted us to prepare Au/ZnO catalysts
by this method. Other less usual methods were also used for the
preparation of our samples, namely, US (sonication for an estab-
lished period of time). As for the DIM method, as far as we know,
it has only been used for the preparation of Au/TiO, samples [47]
and Au/ceria catalysts [48].

All the Au/ZnO samples prepared were tested in the oxidation of
CO, which is an established model reaction to evaluate Au cata-
lysts, not just due to its simplicity, but because it has potential
applications, namely in CO removal from H, streams for fuel cells
and gas sensing [1,2].

2. Experimental
2.1. Catalyst preparation

2.1.1. ZnO supports

The ZnO prepared by chemical vapour deposition (ZnOcyp) was
synthesised according to a previously described procedure [49,50].
Two commercial ZnO samples were used for comparison purposes:
one from Strem Chemicals (ZnOsc; 85-95% ZnO, 3-7% Al,0s, 0.5-
3% Ca0) and another from Evonik (ZnOgy; AdNano VP 20, aggre-
gated nanoparticles of hydrophilic ZnO). These supports were trea-
ted at 400 °C, in N, for 2 h, as it was found that their activity for CO
oxidation (with or without Au) improved when compared with the
“as received” samples.

In order to study the influence of the alumina present in ZnOsc,
a physical mixture of ZnOgy with 10% y-alumina (Sigma Aldrich)
was also prepared and loaded with Au by the methods described
below.

2.1.2. Au/ZnO materials

Au was loaded on the supports using HAuCl4-3H,0 as the gold
precursor (Alfa Aesar) in order to achieve approximately 1% wt.
content of Au. The different methods used are described below.

2.1.3. Photodeposition (PD)

PD was carried out in the following way: the Au precursor was
dissolved in water and methanol (300 mL, 15:1 ratio), mixed with
the ZnO support, sonicated for 30 min, in order to improve disper-
sion, and photodeposited using a UV lamp (Heraeus TNN 15/32),
with an emission line at 253.7 nm (ca. 3 W of radiant flux). A series
of tests were carried out for the ZnOgy using different pH-adjusted
values (from 1 to 12), before photodeposition. Also, different
photodeposition times (1 and 2 h) were used. Catalytic activity
measurements for CO oxidation of these samples (described be-
low) showed that the best results for PD of Au were obtained with-
out pH adjustment (pH ~ 5.5) and with a photodeposition time of
2 h. Since samples prepared with other pH values (from 1 to 10)
and/or with 1 h of photodeposition showed a decrease in the activ-
ity, the other Au/ZnO samples prepared by PD were carried out un-
der these conditions (no pH adjustment and 2 h photodeposition
time).

2.1.4. Ultrasonication (US)

US was carried out in a similar manner, that is, dissolving the Au
precursor in the same amount of water and methanol, just like in
PD, however, the sample was sonicated for 8 h and then washed
and dried.

2.1.5. Double impregnation (DIM)

The DIM method [47] is similar to traditional impregnation (the
support is impregnated with a solution of HAuCl, using sonica-
tion), but using a second impregnation step with an aqueous solu-
tion of Na,CO3 (1 M), under constant ultrasonic stirring.

2.1.6. Washing and drying

All samples were washed repeatedly with distilled hot water,
dried in the oven at ~100 °C, overnight, and used without any fur-
ther treatment.

2.2. Catalyst characterisation

2.2.1. ZnO supports

ZnO samples were analysed by N, adsorption at —196 °C, in a
Quantachrome NOVA 4200e multi-station apparatus. Surface anal-
ysis for morphological characterisation was carried out by scan-
ning electron microscopy (SEM), using a JEOL ]JSM-6301F
(15 keV) electron microscope. The sample powders were mounted
on a double-sided adhesive tape and observed at different magni-
fications under two different detection modes, secondary and
back-scattered electrons. X-ray diffraction (XRD) analysis was car-
ried out in a PAN’alytical X'Pert MPD equipped with a X'Celerator
detector and secondary monochromator (Cu Ko Z=0.154 nm,
50 kV, 40 mA; data recorded at a 0.017° step size, 100 s/step). Riet-
veld refinement with PowderCell software was used to identify the
crystallographic phases present and to calculate the crystallite size
from the XRD diffraction patterns. This method employs a modified
version of the Debye-Scherrer equation to simultaneously deter-
mine the crystallite size and non-uniform strain (the model can
be found in Ref. [51]).

2.2.2. Au/ZnO materials

A JEOL 2010F analytical electron microscope, equipped with a
field-emission gun, was used for high-resolution transmission
electron microscopy (HRTEM) investigations for the Au/ZnOgy
samples. The microscope was operated at 200 kV, and an energy-
dispersive X-ray spectrometer (EDXS) LINK ISIS-300 from Oxford
Instruments with an UTW Si-Li detector employed for the chemi-
cal analysis. The samples for TEM were prepared from a diluted
suspension of nanoparticles in ethanol. A drop of suspension was
placed on lacey carbon-coated Ni grid and allowed to dry in air.
Z-contrast images were collected using a high-angle annular
dark-field detector (HAADF), in scanning transmission mode
(STEM). Au/ZnOsc and Au/ZnOcyp samples were analysed on a JEOL
1011 transmission electron microscope. The samples were dis-
persed in ethanol using an ultrasonic bath (20 °C) for 30 s. A drop
of the dispersion was placed on a holey carbon film deposited on
a copper grid and left to dry at ambient temperature. Particle size
histograms were drawn from measurements made on 100-1000
particles, depending on the sample. Average particle sizes were
calculated for all samples. The concentration of gold deposited on
ZnO supports was measured by Inductively Coupled Plasma Opti-
cal Emission Spectroscopy (ICP-OES) using a Horiba Jobin Yvon Ul-
tima 2 apparatus. The Au/ZnO powders were dissolved in aqua
regia followed by the evaporation of acid and redispersion in 5 M
HCL.

The metal dispersion was calculated by Dy = (6n; M)/(pNd,),
where n;s is the number of atoms at the surface per unit area
(1.15 x 10" m~2 for Au), M is the molar mass of gold (196.97 g



S.A.C. Carabineiro et al./Journal of Catalysis 273 (2010) 191-198 193

mol~1), p is the density of gold (19.5 g cm~3), N is Avogadro’s num-
ber (6.023 x 10> mol ') and d,, is the average particle size (deter-
mined by HRTEM, admitting that particles are spherical).

2.2.3. Catalytic tests

Catalytic activity measurements for CO oxidation were per-
formed using a flow reactor. The catalyst sample (0.2 g) was placed
on a quartz wool plug in a 45 cm-long silica tube with 2.7 cm i.d.,
inserted into a vertical furnace equipped with a temperature con-
troller. Feed gas (5% CO, 10% O, in He) was passed through the cat-
alytic bed at a total flow rate of 50 cm® min~' (in contrast with
most literature studies that use 1% vol. CO or less [1,2]). The com-
position of the outgoing gas stream was monitored using a gas
chromatograph equipped with a capillary column (Carboxen
1010 Plot, Supelco) and a thermal conductivity detector.

3. Results and discussion
3.1. Characterisation of the supports

Table 1 shows the characterisation results for the ZnO samples.
In agreement with other reports [3,6,24,49,50], the materials used
in this study also revealed low surface areas. The highest surface
area of 30m?g~! was measured for ZnOsc, whereas ZnOcyp
showed the lowest value (17 m? g !). An intermediate result was
obtained for ZnOgy (26 m? g~ 1). The crystallite size as measured
using the Scherrer equation is found to be similar for all the sam-
ples. However, for the ZnOcyp sample, the values obtained for crys-
tallite sizes are not truly representative due to the anisotropy in
the particle morphology which consists of tetrapods, as will be
seen ahead.

The X-ray powder diffractograms of the ZnO supports are
shown in Fig. 1. The results show the presence of a hexagonal
structure (JCPDS 70-8072) for all the ZnO samples. Additionally,
in agreement with the Strem Chemicals manufacturer information,
the presence of alumina (a-Al,O3 phase, JCPDS 88-0826) was also
detected in ZnOsc. No crystalline impurities were observed with
the other ZnO samples. The crystallite sizes of the ZnO samples de-
rived from the XRD analysis are displayed in Table 1.

The structural differences between ZnOgy, ZnOsc and ZnO¢yp are
evidenced in the SEM images depicted in Fig. 2. The commercial
ZnOgy (Fig. 2a) consists mainly of small (50-100 nm) cylindrical
and spherical particles, while ZnOsc (Fig. 2b) has a mixture of lar-
ger (100-500 nm) particles (shown by EDS to be ZnO) with smaller
(10-20 nm diameter) “needle”-like particles (shown by EDS to be
Al,03). The ZnOcyp sample (Fig. 2c) is composed of tetrapod-like
structures, where needles grow from a faceted seed particle
[49,50]. The nanorods have diameters varying from 8 to 50 nm
and growing over 1 pm in length, giving them an aspect ratio of
around 20-100.

3.2. Characterisation of Au/ZnO nanocatalysts

Fig. 3 shows representative TEM micrographs of Au/ZnO sam-
ples prepared by US method (images of Au/ZnO catalysts prepared
by DIM and PD can be found in Supplementary material). It can be

Table 1
BET surface areas and crystallite sizes of ZnO samples.

ZnO sample BET area (m?g ') Crystallite size* (nm)
ZnOgy 26 53
ZnOsc 30 72
ZnOcvp 17 58

¢ Average size determined by XRD.
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Fig. 1. X-ray diffraction spectra of ZnOsr, ZnOgy and ZnOcyp with ZnO crystal planes
identified. Alumina peaks of ZnOsc are marked with x.

seen that small spherical particles are found on all the three sup-
ports after Au deposition. Particle size distributions evaluated from
size measurements are summarised in Table 2 (the corresponding
histograms can be found in Supplementary material). US and DIM
methods produced smaller particle sizes (from 5 to 12 nm) than PD
(8-17 nm). For all samples analysed by SAED, the diffracted spots
correspond to ZnO phase (see an example in Supplementary mate-
rial). Gold was not detected by this technique, possibly because it
was below the detection limit. It was also not detected by XRD,
most likely due to the low loading and the small particle size. How-
ever, EDXS results (Fig. 3a, inset) confirmed the presence of gold,
and 0.9% wt. was obtained as a semi-quantitative analysis for the
amount of Au present.

The gold loadings, determined by ICP-OES, are shown in Table
2; it can be seen that the values of deposited gold are near to 1%
for US and PD methods, whereas deposition by DIM was less effi-
cient (possibly due to some leaching). The values for metal disper-
sion (Dy) are also shown in Table 2. It can be seen that the DIM
method provides the larger dispersions (as expected, since it is re-
lated with the gold loading).

For the ZnOsc samples, relatively large (>10 nm) average parti-
cle sizes are obtained regardless of the preparation method. Finally,
the smallest particle sizes were observed for the ZnOcyp sample,
irrespective of the preparation method. It is interesting to note that
very small gold nanoparticles could be deposited on a low surface
area support, using the DIM method. This indicates that the better
control of particle sizes in the case of ZnOcyp could be due to the
presence of single crystals of ZnO with a high aspect ratio. This re-
sult also shows that the specific surface area is not the only deter-
mining factor for efficient particle size control in catalyst
preparation.

3.3. Catalytic tests

Fig. 4 shows the CO oxidation results obtained for the pure ZnO
samples and those with Au loaded by the methods described pre-
viously. The ZnOcyp shows the best results among the samples
without Au, achieving full CO conversion at 450 °C (Fig. 4c), in
comparison with the other two supports that only attain it at
~600 °C (Fig. 4a and b). In addition, we see a significantly different
behaviour for the ZnOcyp sample, presumably due to important
differences in the surface structure. As expected, loading the
samples with Au causes CO conversion to occur at much lower
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Fig. 2. SEM micrographs of (a) ZnOsc, (b) ZnOgy and (c) ZnOcvyp.

temperatures. For ZnOgy (Fig. 4a) and ZnOcyp (Fig. 4c), the method
that yields the most active samples is US (>95% conversion
achieved at ~250 °C and ~150 °C, respectively), followed by DIM
(near total conversion values at ~250°C). However, for ZnOsc
(Fig. 4b), DIM (full conversion at ~250 °C) provides better results
than US (full conversion only at ~350 °C). This can be due to the
small percentage of Al,0s; present in this support, since it was
found that the DIM method leads to better results than US both
for alumina and y-alumina loaded with Au (not shown). A physical
mixture of ZnOgy with 10% y-alumina showed the same tendency.

Fig. 3. TEM images of Au nanoparticles deposited on (a) ZnOgy, (b) ZnOst and (c)
ZnOcyp by the ultrasonication (US) method. A representative EDXS spectrum of Au/
ZnO system is shown in inset of (a).

As described in the experimental part, a series of tests were car-
ried out for the ZnOgy using different pH-adjusted values. The re-
sults obtained showed that catalysts prepared with 2 h
photodeposition time and no pH adjustments (pH ~ 5.5) have
higher activity. This is in agreement with what was reported by
Hutchings and coworkers [18]. These authors showed that
Au/ZnO catalysts can be very sensitive to pH, with materials pre-
pared at higher pH providing lower activity [18]. In spite of the
optimisation of the PD preparation carried out in this work, Fig. 4
shows that the resulting materials are not as active as those pre-
pared by US or DIM, for any of the ZnO samples studied (since
>95% conversion is only achieved at 350 °C for ZnOgy and ZnOcyp
and 450 °C for ZnOsc). Nevertheless, their catalytic behaviour was
better than the ZnO support, since the activity increased up to 10
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Table 2
Particle size, gold loading and metal dispersion of Au/ZnO samples prepared by
different methods.

Au/ZnO sample Au size Au size Gold Metal
average range?® loading dispersion
(nm) (nm) (%) (%)
Au/ZnOgy US 9.5+0.6 5-13 0.94 12.2
Au/ZnOgy DIM 5.0+£0.9 2-18 0.58 231
Au/ZnOgy PD 9.5+0.6 4-20 1.26 12.2
Au/ZnOsc US 11.6+0.5 3-19 1.06 9.98
Au/ZnOsc DIM 12.5+£0.1 6-20 0.74 9.26
Au/ZnOsc PD 12.2+0.7 4-20 1.01 9.49
Au/ZnOcyp US 52+0.9 2-11 1.01 223
Au/ZnOcyp DIM 29+0.9 2-14 0.72 39.9
Au/ZnOcyp PD 83+0.8 3-20 1.07 13.9

2 See Supplementary material for the histograms.

times upon loading with Au by PD, depending on the temperature
and the sample (Fig. 4).

The most active sample was found to be ZnOcyp with Au loaded
by US, achieving >95% conversion at ~150 °C (Fig. 4c). In addition,
at room temperature, this sample is already able to convert 64%
CO, which is a very high value, when compared with other samples
in this study. Moreover, stability tests were carried out for this cat-
alyst, and its activity was maintained at least for 100 h at 25 °C,
and at least for 48 h at 150 °C. Comparing the specific activities
at room temperature (Table 3), it can be seen that the values ob-
tained, ranging from 0.06 to 2 molco g/ h™', are higher than the
value obtained for the Au/Fe,03; World Gold Council reference cat-
alyst in the same conditions (0.1 molco gx/ h™"), with the exception
of the 0.06 molco g5} h™! obtained for Au/ZnOsc prepared by US
PD, and comparable to the value reported in literature for a
Au/ZnO/Si0,-Na,CO; catalyst (0.464 molco g5l h™") [19]. In fact,
the Au/ZnOcyp values are particularly high (from 0.17 to
2 molco gyl h™') considering that we have a pure ZnO support,
and the literature catalyst is deposited on a complex modified
ZnO support. Other authors report the activities per gram of cata-
lyst (instead of g,!). Hutchings et al. reported a rate of 6 x
103 molo g h™! for a 2% Au/ZnO catalyst [15]. Our values rang-
ing from 1 x 1073 to 3 x 10> mol¢o gt h™! (for 1% Au on ZnOgy
samples and 1% Au on ZnOcyp prepared by DIM and PD) are within
the same order of magnitude, however, the value obtained for the
1% Au/ZnOcyp US catalyst, 2 x 1072 molco gz h™', is much higher
than that reported by Hutchings et al. for a 2% Au/ZnO material
[15]. Activity values at other temperatures (50 °C and 100 °C), for
the different Au/ZnO samples and the Au/Fe,03 World Gold Coun-
cil reference catalyst, are also included in Table 3, alongside with
Tso values (temperature at which conversion is 50%) for all
catalysts.

ZnOcyp with Au loaded by DIM was the second best catalyst,
showing 23% conversion at room temperature (Fig. 4c), while other
samples did not exceed 10% (Fig. 4a and b). Surprisingly, up to
250 °C, ZnOgy with Au loaded by PD (Fig. 4a) has a better perfor-
mance than ZnOcyp (Fig. 4c), but at 300 °C, they have similar
behaviour and both achieve full conversion at 350 °C. These results
are consistent with the measured Au nanoparticle sizes (Table 2).

Activation energies were also calculated and are displayed in
Table 3. It can be seen that the ZnOcyp shows the lowest values,
specially the US and DIM samples, the most active samples in this
study, that have 5 and 7 k] mol~'. Values below 10 k] mol~! were
found in literature for nanoporous gold prepared by leaching silver
out of the corresponding alloy [52] or by leaching from AuCus [53],
for Au sponge [54], Au/titania [55-57] and Au/Fe(OH)s; [57]. Good-
man and co-workers showed that the apparent activation energy
for the CO oxidation reaction in the temperature range from 77
to 177 °C can vary from 7 to 21 k] mol~! as the Au particle size in-
creases from 2.5 to 6 nm for Au/titania [58,59]. Therefore, samples
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Fig. 4. CO conversion (%) versus temperature for the (a) ZnOgy, (b) ZnOsc and (c)
ZnOcyp supports alone and with Au loaded by different methods.

with smaller particle size are expected to have lower activation en-
ergy, which matches well with our results. Other samples in our
work showed values between 12 and 23 k] mol~'. In literature, val-
ues around 10kJmol~! were also found for Au/alumina [60],
Au/ceria [61] and fine gold (unsupported) powder [62], and activa-
tion energies ranging from 10 to 30 k] mol~'were also reported for
Au/titania [63,64], which match well with our results.

Some conclusions can be drawn from the catalytic tests. First, it
is well known that Au particles of sizes above 5 nm show low activ-
ity in catalysis, and our results confirm this, irrespective of the sup-
port and the method employed for gold deposition. This is
particularly well exemplified in the case of the ZnOsc sample, on
which large gold particles were obtained by all methods. Since this
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Table 3

Activities, Tso and activation energies calculated for the Au/ZnO samples prepared by
different methods, at different temperatures, and the Au/Fe,03 World Gold Council
(WGC) reference catalyst.

Au/ZnO sample  Activities (molco gl h™)at Activation  Tso values

different temperatures energies  (°C)

(k] mol~1)

25°C 50°C 100 °C
Au/ZnOgy US 0.32 1.47 2.36 23 58
Au/ZnOgy DIM  0.17 0.22 0.30 21 170
Au/ZnOgy PD 0.12 0.13 0.14 16 242
Au/ZnOsc US 0.06 0.08 0.17 13 246
Au/ZnOsc DIM 0.23 0.67 1.75 18 121
Au/ZnOsc PD 0.06 0.07 0.12 22 278
Au/ZnOcyp US  2.00 2.51 2.87 5 <25
Au/ZnOcyp DIM  1.01 1.25 1.88 7 115
Au/ZnOcyp PD 0.17 0.19 0.22 17 290
Au/Fe;,03 WGC  0.10 0.18 0.33 20 193

is a two-phase system (Al,Os +Zn0), it is difficult to control the
particle size a priori. Second, the DIM preparation method yielded
disappointing results in catalysis, despite a better control of parti-
cle size. This may be due to the building up of monodentate car-
bonate species on the catalyst surface that poison the catalyst, as
already proposed for Au/TiO, catalyst in the CO oxidation reaction
[65]. These species may be desorbed at higher temperatures,
explaining the results obtained at 300 °C.

Finally, in order to understand the high activity of the
Au/ZnOcyp system prepared by the US method, we investigated
the crystallography of this system by HRTEM. In this sample, we
observed that Au particles were epitaxially grown on the ZnO sup-
port in a number of cases. An example is shown in Fig. 5a, where a
HRTEM image of a partly overlapping Au particle attached to the
ZnO support is shown. Inset is the Fast Fourier Transform analysis
(FFT) of the HRTEM micrograph which is enlarged and indexed in
Fig. 5b. We found that the ZnO-supporting particle was close to
the [-2 11 0] zone axis and the Au particle could be indexed as
[11 0] zone axis. It was found that the d values for [0 0 2] of gold
(as indexed on FFT image with open circles and labelled with white
numerals) deviate (are larger) from the original value by around
10%. Values for (11 1) planes were found to be within less than
5%. Detailed analysis also showed that there was some angle devi-
ation between the planes of Au and ZnO (2-5°). This could be ex-
plained by the deviation from ideal epitaxy or a slight bending of
the investigated area of the sample. From this and similar cases,
the following crystallographic relations could be concluded: Paral-
lel directions: [110] Au//[-2110] ZnO and parallel planes:
(-11-1) Au//(0001) ZnO. Apart from that, relations (within
few degrees) were found for (1 -1 -1) Au//(01 -1 —1) ZnO and
(001) Au//(0 —11 —1) ZnO. These results are in good agreement
with previously reported epitaxial growth of Au on ZnO or ZnO
on Au substrates [66-68]. We can propose that epitaxial growth
of Au particles on ZnO influenced the particle size and that the
strong metal-support interaction may result in the improvement
of the catalytic properties of the sample. No epitaxy was found
for any of the other samples.

As for the CO oxidation mechanism, although it has been exten-
sively studied in several catalysts, it is still under debate
[1,2,69,70]. For gold supported on an oxide, it is widely accepted
that a CO molecule is chemisorbed on a gold atom, while an hydro-
xyl ion moves from the support to a Au(Ill) ion, creating an anion
vacancy. They react to form a carboxylate group, and an oxygen
molecule occupies the anion vacancy as O, . This oxidises the car-
boxylate group by extracting a hydrogen atom, forming carbon
dioxide, and the resulting hydroperoxide ion HO, then oxidises a
further carboxylate species forming another carbon dioxide and
restoring two hydroxide ions to the support surface, completing
the catalytic cycle. This mechanism was proposed in 2000 by Bond

Fig. 5. (a) HRTEM micrograph of an epitaxially grown Au particle on ZnO support
with FFT as inset and (b) indexed “diffraction spots” in FFT image (open circles and
white numerals correspond to Au; black numerals and asterisks are used to label
ZnO planes).

and Thompson [69] and has been substantiated by subsequent re-
sults of several authors [70]. Exceptions are, naturally, some “inert”
supports like alumina and silica, where oxygen chemisorption will
be negligible and involvement of lattice oxide ions is unlikely;
therefore, the mechanism on gold particles, where there is no sup-
port participation and where the total perimeter is comparatively
small, will be of the Langmuir-Hinshelwood type, involving oxy-
gen (weakly) and carbon monoxide (more strongly) adjacently ad-
sorbed onto gold [69].

The Bond and Thompson mechanism suggests that it is the lat-
tice oxygen of the support that reacts with CO and that the O, pro-
vided is only needed to restore the support surface. Therefore, the
reaction greatly depends on the strength of interaction with the
support [36]. Since other supports, like TiO,, provide a stronger
metal-support interaction effect [71] that can also explain the bet-
ter catalytic behaviour of Au/TiO, systems described in the litera-
ture, when compared to Au/ZnO. Nevertheless, our results with
the Au/ZnOcyp sample prepared by US show a remarkable perfor-
mance when compared with the few results available in the liter-
ature, as explained earlier.
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To summarise, we have seen in this study that the ZnOcyp sup-
port presents a different surface structure leading to better particle
size distribution and higher activity with or without gold deposi-
tion. In the Au/ZnOcyp system, HRTEM analysis provides useful
information showing that an unexpected strong metal-support
interaction can exist, since gold can have an epitaxial relation to
the ZnO single crystal. This interaction can have a direct impact
on the gold particle size distribution and the electronic properties.
More studies are required for a quantitative evaluation of these
interactions.

4. Conclusions

One percent weight Au was loaded on three different ZnO sup-
ports (two commercial, from Evonik and Strem, and one prepared
by CVD), by three different methods: PD, DIM and US, and the
materials were used for the oxidation of CO. It was found that
small gold particles can be deposited on a low surface area support
using the US and DIM methods and that the surface structure of the
support has a profound influence on the particle size distribution.
In particular, the most active sample was prepared using the
ZnOcyp, with Au loaded by US, that showed an activity of
2 molco gyl h™' at room temperature, which is among the best val-
ues so far reported for this reaction on Au/ZnO-type catalysts. This
high activity can be due to the unique metal-support interactions
present in this system (Au particles were epitaxially grown on ZnO
support) that were not found for the other catalysts in this work.
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