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Gold catalysts supported on tungstated zirconia (containing 5-20 wt% WOs) are prepared by cationic
adsorption from aqueous solution of [Au(en); ]Cl; complex. The materials are characterized by XRD, DR-
UV-vis spectroscopy and XPS. The nature of the deposited gold species is studied by FT-IR spectroscopy
of adsorbed CO. It is concluded that the gold particles occupy preferentially the WO -free zirconia surface
and the dispersion of gold depends on the amount of coodinatively unsaturated (cus) Zr** ions. Modi-
fication of zirconia by tungsten increases the gold uptake but at the same time causes decrease in the

g‘z;"gﬁ;mte d on tungstated zirconia concentration of (cus) Zr#* ions thus lowering the dispersion of gold clusters. According to the results of
XRD in situ FT-IR spectroscopy, the Au/WO,—ZrO,, catalysts display higher activity in the CO oxidation in the
DR-UV-vis spectroscopy low-temperature range (up to 150°C) than the WOy-free Au/ZrO; sample. The low-temperature activ-
XPS ity of the W-containing catalysts could be associated with decreased basicity of the support oxide ions
In situ FT-IR spectroscopy of adsorbed CO resulting in reduced accumulation of stable carbonate species.

and CO+0,

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Supported gold catalysts are highly active in reactions important
for the environmental catalysis [1], in particular for low-
temperature CO oxidation [1-9]. Crucial factors that control the
activity of gold catalysts are the metal particle size, the nature and
particle size of the oxide support, and the structure of Au-oxide
contacts [1]. The practical application of gold catalysts, however, is
hindered because of their tendency for deactivation with the opera-
tion time. The most probable reason for the decrease in the catalytic
activity is the formation of stable carbonate species which block the
perimeter of gold-support interface considered as active reaction
zone [3-6]. The accumulation of COy species on the catalyst surface
during the course of CO oxidation takes place by readsorption of
CO; product molecules [5]. Since CO5 is an acidic molecule, lower-
ing of the basicity of the support surface by introduction of an acidic
component would prevent the formation or reduce the amount of
stable carbonate species.

Highly dispersed (2-5nm) gold particles on oxide supports can
be obtained by deposition-precipitation (DP) using HAuCl, as a
gold precursor [1]. However, this method cannot be applied in the
case of acidic oxide supports with a point of zero charge (PZC) below
5 such as silica or WO3 [1]. This is because the support surface
is negatively charged above the PZC which does not allow strong
interaction between the support and the anionic gold precursor
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(AuCly~). Cationic exchange is presumed to be an effective way of
introducing gold into acidic oxides, e.g. SiO,-based supports [8-12].

Herein, we report the results of characterization of gold cata-
lyst supported on tungstated zirconias. The Au/WOx—ZrO, samples
were prepared by cationic adsorption using [Au(en); ]Cls as the pre-
cursor (en =ethylenediamine). This method was developed first by
Guillemot et al. [10] for the introduction of gold into Y zeolites
and used also by others [8,9,11] for deposition of gold on silica. In
order to evaluate the potential of a new material as a catalyst in
the process of CO oxidation, it is important to investigate the inter-
action of the reactants with the surface. For that purpose we used
in situ FT-IR spectroscopy to study the adsorption of CO and its
coadsorption with oxygen over Au-promoted and Au-free zirconia
and tungstated zirconias.

2. Experimental
2.1. Sample preparation

Two different procedures were used for preparation of hydrated
zirconia. According to procedure 1, hydrated zirconia (denoted as
HZ-1) was prepared by hydrolysis of 0.3 M solution of zirconyl
chloride (ZrOCl,-H,0, Aldrich) with concentrated (25%) ammonia
solution at pH 9. The slurry of the precipitated material was kept
for aging at room temperature for 12 h. Then the product was sepa-
rated by vacuum filtration, redispersed in deionized water, washed
thoroughly to remove the chloride ions and dried at 100 °C. The
crystallographic structure of the material obtained after calcina-
tion at 600 °C was predominantly monoclinic zirconia. Tungstated
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Table 1
Sample notation, BET surface areas, nominal tungsten and analytical gold contents.

Sample Sger (m?/g) WOs3 (Wt%) W2 (at/nm?) Au loading (wt%) Au loading (at %) Au particle size (nm)®
Au/ZrO, 143 - - 1.43 £ 0.03 0.30 8
Au/5WZ-1 116 5.0 1.2 1.27 + 0.01 0.27 8
Au/12WZ-1 115 11.8 3.0 1.83 £ 0.01 0.40 9
Au/20WZ-1 140 19.4 4.5 2.06 + 0.03 0.44 10
Au/18WZ-CP 118 18.0 4.8 2.27 + 0.01 0.48 10

3 The W surface density is calculated based on the weight of zirconia.
b According to XRD.

zirconia was synthesized by coprecipitation [13] with nominal
content of 18 wt% W03 and by impregnation of HZ-1 with aque-
ous solution of ammonium metatungstate (AMT, Fluka) using the
method proposed by Martinez et al. [14]. This procedure consisted
of impregnation of HZ-1 with aqueous solution (3 mL/g hydrated
zirconia) containing the required amount of AMT to obtain WO3
loadings corresponding to 5, 12 and 20wt%. The final calcina-
tion temperature of all tungstated zirconias was 600 °C. Gold was
deposited by cation adsorption for 2 h from aqueous solution of
[Au(en), |** complex (5.85 x 10~3 M) at pH = 9.6 and room tempera-
ture. After the separation of the gold complex solution by filtration,
the solid was washed by deionized water until negative test for
chloride ions. The samples were dried at 80 °C for 48 h and calcined
for 1 hat400 °C.The cationic gold precursor was prepared following
the procedure of Block and Bailar [15]. The obtained materials were
labeled as Au/xWZ-CP or I, where x stands for the WO3 nominal
content in wt%. CP and I denote co-precipitation and impregnation,
respectively (see Table 1).

In order to study the effect of tungsten, gold was deposited
also on zirconia by cation adsorption of [Au(en), ]3* complex using
the same conditions applied to the W-containing samples. Since
the incorporation of WOy species stabilizes the tetragonal phase
of zirconia [14,16-22], WOy-free tetragonal zirconia was used for
the preparation of ZrO,-supported gold sample. The goal was to
eliminate the effect of crystal phase on the interaction of gold
precursor with the support because there are differences in the
acid-base properties [23], and types and concentration of the sur-
face hydroxyl groups [24] of zirconia polymorphs. In addition, the
CO adsorption capacity of monoclinic zirconia is larger than that
of the tetragonal phase [23] which may affect the CO + 0, surface
reaction. Li et al. [25] have found that Au supported on monoclinic
zirconia exhibited much higher activity in the low-temperature
WGS reaction than the catalyst supported on tetragonal zirconia.
Tetragonal phase of zirconia was prepared by a method similar to
that described by Jung and Bell [24] denoted as procedure 2. The
synthesis consisted of hydrolysis of 0.6 M solution of ZrO,Cl,-8H,0
with concentrated ammonia solution (25%) at pH = 9 and room tem-
perature. The obtained precipitate was washed several times with
deionized water until negative test for ClI~ ions. Then the washed
precipitate was aged in aqueous solution of ammonia (with pH=9)
at 100 °C for 48 h under reflux and periodical supplement of NHz(,q)
in order to keep constant pH of 9. The resultant hydrated zirconia
was dried at 100°C for 24 h. The material was denoted as HZ-2.
Tetragonal zirconia was obtained by calcination of the hydrated
zirconia HZ-2 at 600°C for 6 h.

2.2. Sample characterization

XRD analysis was performed on a Rigaku Miniflex diffractome-
ter with Ni-filtered Cu Ko radiation (A =1.5405 A). The DR-UV-Vis
spectra were obtained under ambient conditions with a fiber optic
spectrometer AvaSpec-2048 (Avantes) using WS-2 as a reference.
The BET surface area measurements were performed with a TriStar
3000 automated gas adsorption analyzer (Micrometrics). The sam-
ples were dehydrated under vacuum (10~2 Torr) for 3h at 250°C

before the measurements in order to remove adsorbed water and
volatile compounds.

The content of gold was determined by ICP-MS analysis. The
tungsten content in the samples was calculated as difference
between the nominal content in the solid and the concentration
of tungsten in the filtrate produced during the deposition of gold
from the gold precursor. The tungsten content in the filtrate was
determined spectrophotometrically by the thiocyanate method at
A=410nm [20,26,27].

The X-ray photoelectron spectra were obtained using un-
monochromatized Al Ka (1486.6eV) radiation in a VG ESCALAB
MK II electron spectrometer under base pressure of 1x 108 Pa.
The spectrometer resolution was calculated from the Ag 3ds; line
with the analyzer transmission energy of 20 eV. The half-width of
this line was 1 eV. The spectrometer was calibrated against the Au
4f;p, line (84.0eV) and the sample charging was estimated from
C 1s (285eV) spectra from natural hydrocarbon contaminations
on the surface. The accuracy of the BE measured was 0.2 eV. The
photoelectron spectra of C 1s, O 1s, Zr 3d, W 4f and Au 4f were
recorded and corrected by subtracting a Shirley-type background
and quantified using the peak area and Scofield’s photoionization
cross-sections. The Au particle size was obtained from the XPS peak
intensity treated according to the Kerkhof-Moulijn model [28,29].

The FT-IR spectra were recorded using a Bomem Hartman &
Braun MB-102 model FT-IR spectrometer with a liquid-nitrogen
cooled MCT detector at a resolution of 4cm~! (100 scans). The
self-supporting discs (~0.01 g/cm?) were activated in the IR cell
by heating for 1h in a vacuum at 400 °C, and in oxygen (100 Torr,
passed through a trap cooled in liquid nitrogen) at the same tem-
perature, followed by evacuation for 1h at 400 °C. The spectra of
adsorbed gases were obtained by subtracting the spectra of the
activated sample from the spectra recorded. The sample spectra
were also gas-phase corrected.

3. Results and discussion
3.1. Structural characterization

According to the XRD data (Fig. 1) all of the samples stud-
ied (except Au/5WZ-I) have the structure of tetragonal zirconia
(ICDD Cart No. 04-005-4479). The Au/5WZ-I sample contains small
amount of monoclinic zirconia (ICDD Cart No. 00-013-030).

With increase in the tungsten loading, the analytical content of
gold increases (Table 1). It is well known that tungstated zirconia
contains acidic protons and their amount increases with the sur-
face density of the WOy species [13,16-20,30]. It is reasonable to
propose that as higher the concentration of acidic hydroxyls on
the support surface as larger the amount of deprotonated M—O~
surface sites (M=W and Zr) thus leading to greater number of
anchoring sites for the [Au(en);]?* complex resulting in higher
surface concentration of gold. The average size of gold particles,
calculated by using Scherrer equation and the main gold diffrac-
tion line of 260 =38.2° (ICDD Cart No. 00-004-0784), increases with
the W content (Table 1).
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Fig. 1. XRD patterns of the samples studied (t: tetragonal; m: monoclinic).

The basic medium used for the [Au(en),]** adsorption caused
some leaching of WOy species only in the case of Au/12WZ-I and
Au/20WZ-I samples. After the deposition of gold, the tungsten loss
amounts to 0.2040.05 and 0.61 + 0.02 wt% of WOs3 for Au/12WZ-I
and Au/20WZ-], respectively.

3.2. DR-UV-vis spectra

Fig. 2 compares the optical spectra of the samples studied.
The absorption band at 293-270 nm with a shoulder at 260 nm
observed in the spectra of the Au-free samples (Fig. 2, spectra (a))
corresponds to LMCT (02~ — W©®*) transition in oligomeric WOy
species with different degree of polymerization [14,17-21]. The
introduction of gold causes drastic change in the optical spectra
(Fig. 2, spectra (b)). The broad absorption with maximum at 550 nm
observed on the gold-containing samples is characteristic of the
plasmonic oscillation mode of nanosized gold particles [11,31,32].
The strong band at 270-293 nm has disappeared and weak signals
at 225-230 and 260-275nm are observed instead. Based on the
spectrum of Au/ZrO, sample (Fig. 2A, spectrum (c)), the former
band is attributed to the 02~ — Zr#* CT transition. The spectra of
the Au-containing samples indicate that gold hinders the detec-
tion of LMCT transitions. Due to the high absorption coefficient of
gold particles [33], the support cannot interact with the radiation.
Consequently, the fundamental bands of tungstated zirconia are
detected with significantly lower intensities.

3.3. XPS analysis

The results of XPS analysis for all samples are summarized
in Table 2. Binding energy of Au 4f;, is around 82.8-83.5eV
which, in agreement with the literature data on Au/ZrO, cata-
lysts [7,25,34-36], is assigned to metallic gold. The full width at
half maximum (FWHM) of Au 4f photoelectron line decreases with

increasing the WO5 content. This is a sign of more uniform distribu-
tion of Au particles on the W-modified sample surfaces most likely
due to the increased gold uptake. The reason for the formation of
metallic gold without additional reduction step is the low thermal
stability of the [Au(en),]3* precursor complex when adsorbed on
oxide surfaces [10,11,37]. The initial color of the samples was light
yellow, however, during the drying at 80°C the samples became
gray-black. The change in the color was faster for the samples
with higher W content, which suggests that tungsten assists in the
decomposition of gold precursor complex.

Since the XRD data provide information about the size of large
gold clusters (larger than 5 nm [38]), the size of the gold particles
was estimated by XPS intensity ratios using the model proposed by
Kerkhof and Moulijn [28]. This model is based on the metal loading
and specific surface area of the catalysts and is useful for the char-
acterization of very small metal particles [38]. The average particle
size calculated from XPS for all gold containing samples is around
3 nm. These results indicate that large (8—-10 nm) and small (~3 nm)
gold particles are present on the surfaces of the samples prepared
by cationic adsorption of the [Au(en),]3* precursor.

The spectra of the samples in the W 4f region contain intense
doublet with W 4f;, line at 35.1-36.3 eV corresponding to we+
[22,30]. The Zr 3d photoelectron line for all Au catalysts exhibits
peak for Zr 3ds, at 182.0-182.9 eV, close to that observed for Zrt*
ions [25,30,34,36,39-41]. Fig. 3 shows that the W/Zr surface ratios
for the gold catalysts supported on tungstated zirconia prepared by
impregnation increases linearly as a function of the tungsten con-
tent. This suggests that the dispersion of the WOy species on the
surface of the gold catalysts is uniform [19,22]. For the Au/WZ-CP
sample the calculated W/Zr surface atomic ratio deviates from the
established linear dependence. It has been shown that all tungsten
is located on the surface when tungstated zirconia was prepared
by impregnation whereas using co-precipitation results in incor-
poration of W atoms into ZrO, lattice, stabilizing the tetragonal
structure [16,30].

Inthe O 1s XPS region an intensive peak at ~530.4 eV is observed
for all investigated catalysts. Small asymmetry at higher binding
energy side is detected too. This second peak can be related to the
existence of O~ ions [42]. This suggests the presence in the subsur-
face of oxygen ions that bear lower electron density than the “0%2~”
ions; formally these oxide ions could be described as “O~" species.
They could be associated with sites having higher covalence of the
M—0 bonds and smaller coordination number of oxygen ions than
aregular site. A reasonable hypothesis is to consider the existence,
in variable proportions, of defects in the subsurface.

The results in Table 2 show that the method of introduction of
WOy species to zirconia (coprecipitation versus impregnation) does
not affect the surface concentration of gold. However, in agree-
ment with the chemical analysis, the amount of gold on the surface
increases with the W03 loading.

3.4. Insitu FT-IR spectroscopy

3.4.1. FT-IR spectra of the activated samples

Fig. 4 compares the spectra of the activated Au-free and Au-
containing xXWZ-I samples. In the OH stretching region all samples
of tungstated zirconia contain a band at 3640-3635 cm~! which is
attributed to W—OH groups [20]. The broad absorption at approx-
imately 3445 cm~! indicates the presence of H-bonded hydroxyls.
The spectra in the fundamental W=O0 stretching region show a
sharp band at 1008-1002 cm~! typical of W=0 species [17,19-21].
The deposition of gold does not cause perturbation of the W=0
band. However, compared to the xWZ-I supports, all Au-containing
samples display bands in the OH stretching region with lower
intensities. This is associated with the involvement of the surface
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Fig. 2. (Panel A) Optical spectra of 18WZ-CP (a), Au/18 WZ-CP (b) and Au/ZrO, (c). (Panel B) Optical spectra of 20WZ-I (a) and Au/20WZ-I (b). (Panel C) Optical spectra of
12WZ-1 (a) and Au/12WZ-I (b). (Panel D) Optical spectra of 5WZ-I (a) and Au/5WZ-I (b).

Table 2

Binding energies, surface composition and gold particle size for the samples.

Sample O1s Zr 3ds, W 4fy), Au 4f7), Au particle size (nm)
BE (eV) at% BE (eV) at% BE (eV) at% BE (eV) at% FWHM?

Au/ZrO, 530.2 65.2 182.5 34.6 - - 82.8 0.2 2.03 2.6

Au/5WZ-1 530.0 63.3 182.1 353 35.1 1.2 82.8 0.2 1.87 29

Au/12WZ-1 530.5 63.5 182.6 33.9 35.8 23 83.0 0.3 1.88 2.8

Au/20WZ-1 530.6 63.0 182.6 33.0 359 3.7 834 0.3 1.71 3.1

Au/18WZ-CP 530.4 64.7 182.9 324 36.3 2.6 83.5 0.3 1.68 33

2 FWHM for the Au 4f;, of metallic gold is 1.18 eV.
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hydroxyls of W-containing supports in the deposition process of
gold precursor.

3.4.2. Adsorption of CO at room temperature

The analysis of the FT-IR spectra of CO adsorbed at room tem-
perature on the samples can be very useful to obtain qualitative
information on the nature of supported gold species. Fig. 5A dis-
plays the FT-IR spectra in the carbonyl region of CO (10Torr)
adsorbed on the zirconia samples obtained after the calcination
at 600°C of hydrated zirconias prepared by procedures 1 and 2.
The figure shows also the spectra of CO adsorbed on the calcined
supports prepared by impregnating the HZ-1 precursor with AMT
solution and by coprecipitation. As mentioned above, the samples

of zirconia obtained using as precursors hydrated zirconias HZ-1
and HZ-2 crystallize after the calcination at 600 °C in monoclinic
and tetragonal structure, respectively. A strong band at 2196 cm™!
with a poorly resolved shoulder is observed in the spectrum of
CO adsorbed on monoclinic zirconia (Fig. 5A) which correspond
to two types of Zr**—CO carbonyls [2,17,20,23,31,43-45]. For the
pure tetragonal zirconia sample the CO adsorption yields also one
asymmetric band at 2194 cm~! with shoulder at around 2188 cm™!
which are ascribed to two types of Lewis acid sites [23,46]. The
spectra clearly show that the population of the coordinatively
unsaturated (cus) Zr** sites on monoclinic zirconia is larger than
on the tetragonal zirconia. This experimental fact is in agreement
with the results of Morterra and coworkers [23] who concluded
that morphological and structural reasons are responsible for the
different concentration of (cus) Zr#* sites on the surfaces of the
two crystallographic modifications of zirconia. Compared to the
m-Zr0,, the tungstated samples prepared from the HZ-1 precursor
are characterized by lower intensity of the Zr**—CO band (Fig. 5B)
due to saturation of coordinative positions of Zr** ions in the sur-
face layer by the WOy, species. The intensity of the Zr**—CO band
decreases gradually with increase in the tungsten loading. The
high-frequency shift of the carbonyl band exhibited in the WOx-
containing zirconia samples is associated with the increased acidity
of the (cus) Zr** sites caused by the electron-withdrawing WOy
groups [17,20]. The intensity of the Zr**—CO band in all XWZ-I
samples (having a tetragonal structure) is significantly higher than
that in the tetragonal zirconia. This difference can be ascribed to
the application of two different procedures for the preparation
of the hydrated zirconia used as precursor leading to different
morphology of the t-ZrO, and xWZ-I samples, i.e. different size
and shape of the particles, and different amounts of structural
defects. In addition, the acidity of the (cus) Zr** ions located in the
proximity of the WO, domains is enhanced resulting in increased
amount of (cus) Zr*" ions detectable by CO adsorption at room
temperature.

-—

Absorbance

. 5WZ-| -

Au/20WZ-|

12Wz-|

4000 3000 2000

1000 4000 3000 2000

1000 4000 3000 2000 1000

Wavenumber (cm'1)

Fig. 4. FT-IR spectra of the activated samples.
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Fig. 5. FT-IR spectra of CO (10 Torr) adsorbed at room temperature on the samples studied (t: tetragonal; m: monoclinic).

As with the Au-free materials, the absorption at
2195-2198 cm~! observed for all Au-promoted samples is assigned
to CO adsorbed on Zr** surface sites (Fig. 5C). The intensity of the
Zr**—CO band in the W-containing samples decreases after the
deposition of gold (compare with Fig. 5B) indicating that there are
gold nanoparticles located on the zirconia surface. Lower concen-
tration of the (cus) Zr** ions has been detected also on the surface
of Au/ZrO, sample as compared with the Au-free tetragonal zir-
conia. According to data from the literature [2,10,31,43,44,47-51],
the absorption with maximum at 2113-2116cm™! is assigned to
CO adsorbed on small three-dimensional gold clusters, whereas
the shoulder at 2128-2135cm~! is usually attributed to Au®*—CO
species. Formation of positively polarized gold on ZrO, is assumed
to be caused by the presence of adsorbed oxygen on the gold par-
ticles or their interaction with the support [2,31,43,47]. It should
be noted that the last activation step of the investigated samples
consisted of evacuation at 400°C and adsorbed oxygen cannot be
expected under these conditions. Moreover, after the reduction of
the samples at 400 °C with CO, the absorption at 2128-2135cm™!
is still present in the spectra of CO adsorbed at room temperature.
Recently, absorption band at 2130-2140cm~! observed during
the CO adsorption on Au/Nb,0s5 has been attributed to CO coor-
dinated to larger gold nanoparticles [52]. Therefore, based on the
latter interpretation the feature at 2128-2135cm™! (Fig. 5C) is
assigned tentatively to CO coordinated to larger gold nanoparticles.
This proposition is supported by the estimates of gold particle
sizes from XRD and XPS data showing that the samples have at
least two fractions of crystallites, large (~8-10nm) and small
(~3nm). For convenience, the absorptions at 2128-2135cm™!
and 2113-2116cm~! are denoted as high-frequency (HF) and
low-frequency (LF) gold carbonyls, respectively. The bands corre-
sponding to the Zr**—CO and Au—CO species are removed upon
dynamic evacuation at room temperature.

According to the chemical analysis the Au loading on Au/ZrO,
and Au/5WZ-Isamplesis very close, 1.43 and 1.27 wt%, respectively.
However, the intensities of the bands due to CO adsorbed on the
gold sites are higher for the W-containing sample (Fig. 5C) suggest-
ing higher gold dispersion. Using the same arguments (Au loading

and intensities of the Au carbonyl bands), better gold dispersion can
be deduced for the Au/20WZ-I (2.06 wt% Au) when compared with
the Au/18WZ-CP sample (2.27 wt% Au). The spectra of CO adsorbed
on the Au-free supports show that the amount of (cus) Zr** ions is
higher on the 5WZ-I sample than on t-ZrO,. Likewise, the surface
concentration of (cus) Zr** ions on the 20WZ-I sample is higher than
that on the 18WZ-CP sample. It can be proposed that the dispersion
of gold depends on the amount of (cus) Zr#* ions. This assumption
can be supported by the results of Chen and Goodman [53] who
showed by using HREELS and CO adsorption that Au bonds directly
to coordinatively unsaturated Ti atom on TiO; (110).

For the Au/xWZ-I sample series, the increase in the intensities of
Au carbonyl bands with the amount of tungsten is associated with
the increase in the Au loading. According to the results of curve
fitting of the gold carbonyl bands (Table 3), the fraction of larger
gold particles giving rise to the HF carbonyl band increases with
the W loading by larger extent than the fraction of the smaller gold
particles characterized by the LF carbonyl band. This experimental
fact could be explained by the assumption that in the case of W-
containing samples the gold particles formed during the calcination
occupy preferentially the WOy-free zirconia surface. The modifica-
tion of zirconia by tungsten facilitates the gold uptake but at the
same time causes decrease in the concentration of (cus) Zr** ions.
The decrease in the amount of nucleation sites for gold particles
with increase in the W loading lowers the dispersion.

Table 3
Integrated areas of the gold carbonyl bands recorded at room temperature and
Pco =10Torr (see Fig. 5).

Sample HF band® (cm~') Iyr (a.u.) LFband® (cm™') Iir(au.) Inp/lr
Au/ZrO, 2128 0.78 2113 0.97 0.80
Au/5WZ-1 2132 1.28 2115 135 0.95
Au/12WZ-1 2136 1.79 2116 1.38 1.30
Au/20WZ-1 2136 2.66 2116 1.53 1.74
Au/18WZ-CP 2134 0.84 2115 0.73 1.15

2 HF band corresponds to CO adsorbed on large Au particles.
b LF band corresponds to CO adsorbed on small gold particles.
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Fig. 6. FT-IR spectra collected during the exposure of the samples Au/ZrO, (Panel A) and Au/12WZ-I (Panel C) to a (10 Torr CO + 10 Torr O, ) gas mixture for 10 min at various
temperatures. (Panels B and D) Gas phase spectra above the Au/ZrO, and Au/12WZ-I samples, respectively (RT =room temperature).

3.4.3. FT-IR spectroscopic investigation of CO oxidation over

Au/xWZ-1 samples

In order to evaluate the potential of a new material as a cata-
lyst, we studied by FT-IR spectroscopy the CO oxidation as a size

sensitive probe reaction. In this investigation we used the gold cat-
alysts supported on tungstated zirconia prepared by impregnation.
In order to find information about the effect of tungsten, the CO + 0,
reaction has been studied on the Au/ZrO, sample as well. Fig. 6

Table 4

Assignment of the IR absorption bands observed upon CO + 0, adsorption on Au/ZrO, and Au/12WZ-I samples at various temperatures.
IR band (cm~1) Assignment IR band (cm™1) Assignment
2352,1344 Zr—0—C—0 1660-1650, 1375 COy~
2193-2197 Zr*—Co 1615, 1220 Bidentate HCO3
2135,2115 Au®*—CO0, Au®—CO 1555, 1320 Bidentate CO32~
1755 Bridged CO32~ 1452-1450, 1425-1418 Polydentate CO3%~

(2012), doi:10.1016/j.cattod.2012.02.027
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shows the spectra obtained during the contact of the Au/ZrO, and
Au/12WZ-I catalysts with a (10 Torr CO + 10 Torr O, ) mixture in the
isolated IR cell at various temperatures for 10 min. The spectrum
of Au/ZrO, catalyst detected at room temperature (spectrum RT in
Fig. 6A) contains absorptions at 2193, 2135 and 2115 cm™! the for-
mer band being assigned to Zr**—CO whereas the latter two bands
correspond to HF and LF gold carbonyls, respectively. The spec-
trum in the 1620-1000 cm~! region is similar to that reported by
Bachiller-Baeza et al. [54], Pokrovski et al. [55] and Bolis et al. [56]
for CO, adsorbed on tetragonal zirconia. Accordingly, the peaks
at 1615 and 1220cm™! reveal the presence of bidentate hydro-
gencarbonates (b-HCO3~). The bands at 1555 and 1320cm™! are
attributed to bidentate carbonate species (b-CO32~) [54-56] and
the pair of bands at 1450 and 1425cm™! are assigned to poly-
dentate carbonates (p-CO32~) [54,55] or monodentate carbonate
species peculiar of the t-ZrO, phase [56]. The latter two bands are
detected upon the adsorption of CO (10 Torr) at room temperature
although with much weaker intensities. The absorption centered
at 1755cm~! can be assigned to bridged CO32~ [56,57], whereas
the weak bands at 1660-1650 and 1375 cm™! (see also Fig. 6C) are
attributed to carboxylate, CO,~, species [57-59]. In the gas phase,
in addition to the signal of CO, very weak absorption correspond-
ing to CO, is detected (Fig. 6B, spectrum RT). The experimental data
show that some oxidation of CO takes place at room temperature.
However, the product of oxidation is retained on the surface of
the catalyst mainly as carbonate-carboxylate structures. Increasing
the temperature to 50°C causes enhancement of the absorptions
between 1800 and 1000 cm~! and decrease in the intensities of the
carbonyl bands (Fig. 6A, spectrum 50 °C). At the same time, the for-
mation of a new sharp band at 2352 cm~! is observed. This signal
is attributed to the v3 mode of CO, molecule linearly adsorbed on
the surface Zr cationic sites through one O atom [56,58,59], i.e. to
the Zr—O—C—O0 configuration. Increasing the temperature to 100 °C
does not affect the intensities of the bands of the p-CO32~ species at
1450-1425 cm~! (Fig. 6A, spectrum 100 °C). However, there is con-
siderable decrease in the absorptions corresponding to adsorbed
CO, (2352cm™1), b-HCO3~ (1615 and 1220cm~') and b-CO3%~
species (1555 and 1320cm™1). Decrease in the intensities of the
broad signal centered at 1755 cm~! and the shoulder at 1660 cm™!
is observed as well. The bands at 2193 (Zr**—CO) and 2115cm™!
(LF Au carbonyl) are no longer present. However, the species char-
acterized by the HF Au carbonyl band display higher stability and
are observed in the spectrum taken at 150 °C (not shown here). This
indicates that CO adsorbed on the larger gold particles (giving rise
to the band at 2135 cm™1) is less reactive than that coordinated to
the smaller gold clusters. Low reactivity of gold species character-
ized by carbonyl bands at 2125-2140cm~! has been reported for
other gold containing samples [2,31,43].

The gas phase spectrum taken at 100 °C (Fig. 6B) shows decrease
in the intensity of the CO band and significant increase in the
amount of CO, produced. Further raise in the temperature to 200
and 300°C causes vanishing of the bands at 1755 and 1660 cm™!
and the absorptions due to adsorbed CO, and CO, and lowering of
the surface concentration of the hydrogencarbonate and carbon-
ate species. Under these conditions the CO in the gas phase has
almost disappeared and the amount of CO, formed has increased
significantly.

The spectra obtained during the interaction of a (10Torr
CO+10Torr O, ) mixture in the 25-300 °C with the Au/12WZ-I cat-
alyst (Fig. 6C and D) contain the same type of absorption bands as
those observed on the Au/ZrO, sample. However, there are differ-
ences that should be noted: (i) CO, adsorbed on the Au/12WZ-I
sample is observed already at room temperature and the amount
of CO, produced at 25 °C is significantly higher than that in the case
of the Au/ZrO, sample. The larger concentration of CO, adsorbed
on the Au/12WZ-I sample allows the detection of the v; mode

100 4 - W - Au/5WZ
—8— Au/12WZ
—h— Au/20WZ a---""
80 w7 AUIZrO,

60

40 4

CO conversion (%)

20

T T T T T T T
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Fig. 7. CO conversion over the Au/xZW-I and Au/ZrO; catalysts as a function of
the temperature. The CO conversion (in %) is estimated from the integrated area
of the IR absorption of gaseous CO obtained at a given temperature in the pres-
ence (A) and absence of a catalyst (Ag) according to the equation: CO conversion
(%)=(Ao —A)100/Ao.

of the adsorbed molecule at 1344 cm™!, otherwise IR inactive for
gas-phase CO,; (ii) between 25 and 100°C there is approximately
2.5-fold increase in the surface concentration of adsorbed CO-,
whereas the amount of surface HCO3;~ and CO32~ increases only
slightly and is much lower than that on the Au/ZrO, sample. This
factreflects the reduced basicity of the oxide ions of zirconia caused
by the deposited WOy species. CO, is acidic and it is used as a
probe molecule for basic surface sites [54,56]. The assignment of
the absorption bands is summarized in Table 4.

It should be pointed out that Au-free WOx—ZrO, samples do not
catalyze the oxidation of CO in the 25-300°C temperature range
under the same partial pressures of the reacting gases. Fig. 7 shows
the CO conversion over the Au/xZW-I and Au/ZrO, catalysts as a
function of the temperature. The CO conversion (in %) is estimated
fromthe integrated area of the IR absorption of gaseous CO obtained
at a given temperature in the presence (A) and absence of a cata-
lyst (Ag) according to the equation: CO conversion =(Ag —A)100/A,.
The curves clearly indicate that under the conditions of the FT-
IR experiment, the Au/ZrO, catalyst displays the lowest activity
in the low-temperature range (up to 150°C). The behavior of the
latter sample can be explained by extensive formation of surface
HCO3~/CO32~ structures (see Fig. 6A) that block the active sites
for the reaction. The amount of carbonates retained on the surface
depends on the basicity of the oxide ions, i.e. on the W concentra-
tion. The spectra in Fig. 6A and C show that the most resistant to
decomposition are the p-CO32~ species and their surface concen-
tration decreases with the increase in the W content.

The Au/5WZ-I sample has the best high-temperature activity
(above 150 °C) among the samples studied. The poorer performance
of the gold catalysts with WO3 loading of 12 and 20 wt% under these
conditions could be explained by the presence of significant amount
of large gold particles (see Table 3). The reactivity of CO adsorbed
on large gold clusters is low resulting in lower CO oxidation activ-
ity. As mentioned above, both Au/ZrO, and Au/5WZ-I catalysts
have similar Au loading and the fraction of small gold particles is
comparable (Table 3). The lower activity of the Au/ZrO, catalyst
than that of Au/5WZ-I could be attributed to the presence of stable
HCO3~/CO32~ structures which are accumulated at temperatures
below 150°C and cannot be removed even at 300 °C. The results
obtained indicate that gold catalysts supported on tungstated zirco-
nia show low-temperature activity in the oxidation of CO. However,
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the deposition of gold on tungstated zirconia by adsorption of
[Au(en);]3* complex leads to the formation of non-uniform in size
gold crystallites i.e. large and small. Since the size of gold parti-
cles is a key feature determining the activity in CO oxidation, our
future task is to optimize the process of gold deposition by appli-
cation of other methods such as using colloidal gold precursors or
post-modification of Au/ZrO, by WOy species.

4. Conclusions

We have shown that gold catalysts supported on tungstated
zirconia (containing 5-20 wt% WOs3) can be prepared by cationic
adsorption from aqueous solution of [Au(en), |Cl3 complex. Accord-
ing to XRD and XPS data large (8-10 nm) and small (~3 nm) gold
particles are present on the catalyst surfaces. The FT-IR spectra of
adsorbed CO show the formation of two types of Au—CO bands,
at 2128-2135cm~! (high-frequency band) and 2113-2116cm™!
(low-frequency band), which are attributed to CO coordinated to
large and small gold particles, respectively. It is concluded that the
gold particles occupy preferentially the WOx-free zirconia surface
and the dispersion of gold depends on the amount of coodinatively
unsaturated (cus) Zr** ions. Modification of zirconia by tungsten
increases the gold uptake but at the same time causes decrease
in the concentration of (cus) Zr** ions. Consequently, the frac-
tion of large gold particles increases. Under the conditions of the
FT-IR experiments, the gold catalysts supported on tungstated
zirconia prepared by impregnation display higher activity in the
CO oxidation in the low-temperature range (up to 150°C) than
the WOy-free Au/ZrO; catalyst. The improved performance of the
Au/WOx—ZrO, catalysts is associated with reduced formation of
stable HCO3~/CO32~ structures that block the active sites for the
reaction.
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