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The  possibility  for  application  of gold  supported  on  tungstated  zirconia  as catalyst  in  the  selective
catalytic  reduction  of  NOx with  CO  (CO-SCR)  has  been  investigated  by  means  of  in situ  FT-IR  spec-
troscopy.  Tungstated  zirconia  containing  18  wt%  of  WO3 was  prepared  by  co-precipitation.  Gold  was
deposited  on  zirconia  and  tungstated  zirconia  by  cationic  adsorption  using  [Au(en)2]Cl3 as  a precur-
sor  (en  =  ethylenediamine).  The  FT-IR  spectra  obtained  during  the  interaction  of  CO  with  NOx species
adsorbed  on  the  Au/ZrO2–WOx and  Au/ZrO2 samples  revealed  the  formation  of surface  isocyanates

◦

n situ FT-IR spectroscopy
Ox + CO surface reaction
O-SCR of NOx

attached  to  the gold  particles.  The  generation  of  Au–NCO  species  occurred  at low  temperature  (25–50 C).
The  W-containing  sample  was  characterized  by  higher  activity  in  the  ad-NOx + CO  reaction  than  the  W-
free one.  It is shown  that  the  nitrate  species  or adsorbed  NO2 are  essential  for  the  generation  of  surface
isocyanates  and  the  oxidation  of  NO  by  oxygen  is  an  important  step.  The  obtained  results  suggest  that  Au
catalysts  supported  on  tungstated  zirconia  might  be of  interest  for  the  selective  reduction  of  NOx with
CO at  low  temperatures.
. Introduction

The selective reduction of NOx in the presence of oxygen is a
ery promising technology to control the emissions from diesel
nd lean-burn engines. Reduction of NOx using either the residual
ydrocarbons or on-board fuel would be the most ideal technol-
gy. However, the traditional materials developed for the selective
eduction of NOx with hydrocarbons (HC-SCR) do not show suffi-
ient activities under the conditions of lean exhaust especially at
ow temperatures (<150–250 ◦C) [1–4]. One of the typical reduc-
ant present in the car exhaust is CO. Recently Ir/SiO2, Ir/WO3 and
r/WO3/SiO2 catalysts have been reported to be highly active in the
elective reduction of NO with CO (CO-SCR) [5–11]. However, these
atalysts show activity in the 260–400 ◦C temperature window.
upported gold catalysts are known to be highly active in variety
f reactions at low temperatures [12,13]. In the present study, we
eport the results of FT-IR spectroscopic characterization of gold
atalyst supported on tungstated zirconia. In order to evaluate the
otential of a new material as a catalyst in a desired process, it is

mportant to investigate the interaction of the reactants with the
urface. For this purpose we studied the adsorption of CO and its
Please cite this article in press as: M. Kantcheva, et al., In situ FT-IR spec
catalyst  for CO-SCR of NOx, Catal. Today (2012), http://dx.doi.org/10.1016/

o-adsorption with oxygen and NO over Au-promoted and Au-free
ungstated zirconia.
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2. Experimental

2.1. Sample preparation

The sample preparation is described in detail elsewhere [14].
In brief, tungstated zirconia was  synthesized by co-precipitation
[15] with nominal content of 18 wt%  of WO3. Gold was  deposited
on tungstated zirconia by cation adsorption for 2 h from aqueous
solution of [Au(en)2]3+ complex at pH = 9.6 and room temperature.
After drying of the washed solid at 80 ◦C for 48 h, the sample was
calcined for 1 h at 400 ◦C. The cationic gold precursor was prepared
following the procedure of Block and Bailar [16]. The sample was
labeled as Au/18WZ-CP.

In order to study the effect of tungsten, gold was deposited on
tetragonal zirconia also by cation adsorption of [Au(en)2]3+ com-
plex using the same conditions applied to the W-containing sample.

2.2. Sample characterization

The samples were characterized by XRD, DR-UV–vis spec-
troscopy, BET measurements and chemical analysis, and the results
were reported earlier [14].

The FT-IR spectra were recorded using a Bomem Hartman &
troscopic investigation of gold supported on tungstated zirconia as
j.cattod.2012.03.058

Braun MB-102 model FT-IR spectrometer with a liquid-nitrogen
cooled MCT  detector at a resolution of 4 cm−1 (100 scans). The
self-supporting discs (∼0.01 g/cm2) were activated in the IR cell
by heating for 1 h in a vacuum at 400 ◦C, and in oxygen (100 Torr,

dx.doi.org/10.1016/j.cattod.2012.03.058
dx.doi.org/10.1016/j.cattod.2012.03.058
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Table 1
Physico-chemical characterization of the investigated samples.

Sample SBET (m2/g) WO3 (wt%) Au loading (wt%) Average Au particle
size (nm)
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1700–1000 cm range are typical of surface nitrates observed
on tungstated zirconia [45–47] and are identified as monoden-
tate (1582 and 1275 cm−1) and bidentate (1629 and 1219 cm−1)
NO3

− species. The broad absorption centered at 2140 cm−1 is

A
bs

or
ba

nc
e

Au/ZrO2

Au/18WZ-CP

0.
02

21
16

21
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94

2198

2130

2125
Au/ZrO2 143 – 

18WZ-CP 116 18.0 

Au/18WZ-CP 118 17.6 

assed through a trap cooled in liquid nitrogen) at the same tem-
erature, followed by evacuation for 1 h at 400 ◦C. The spectra of
dsorbed gases were obtained by subtracting the spectra of the
ctivated sample from the spectra recorded. The sample spectra
ere also gas-phase corrected.

. Results and discussion

.1. Structural characterization

Table 1 summarizes the chemical composition and BET surface
reas of the samples. The results of the chemical analysis [14] show
hat the gold uptake on tungstated zirconia is higher than that on
irconia. It is well known that tungstated zirconia contains acidic
rotons [15,17–21] which in basic medium can undergo deproto-
ation. This can lead to the formation of greater number of M–O−

nchoring sites (M = W and Zr) for the [Au(en)2]3+ complex result-
ng in higher gold uptake.

According to the XRD data [14] the materials have the structure
f tetragonal zirconia. The average size of gold particles (Table 1) is
alculated by using Scherrer equation and the main gold diffraction
ine of 2� = 38.2◦. The DR-UV–vis spectra of gold containing sam-
les [14] exhibit broad absorption with maximum at 550–590 nm
haracteristic of the plasmonic oscillation mode of nanosized gold
articles [22–24].

.2. Adsorption of CO at room temperature

The analysis of the FT-IR spectra of CO adsorbed at room tem-
erature on the samples can be very useful to obtain qualitative

nformation on the nature of supported gold species. Fig. 1 dis-
lays the FT-IR spectra in the carbonyl region of CO (10 Torr)
dsorbed on the activated Au-containing samples. The absorption
t 2194–2198 cm−1 is assigned to CO adsorbed on Zr4+ surface
ites [18,21,23,25–27]. The high-frequency shift exhibited in the

Ox-containing material is associated with the increased acidity
f the coordinative unsaturated Zr4+ sites caused by the electron-
ithdrawing WOx groups [18,21]. The band corresponding to

he Zr4+–CO species and the composed band with maximum at
113–2116 cm−1 are removed upon dynamic evacuation at room
emperature. According to data from the literature [23,25–39],
he absorption with maximum at 2113–2116 cm−1 is assigned to
O adsorbed on small three-dimensional gold clusters, whereas
he shoulder at 2125–2130 cm−1 could be attributed to Auı+–CO
pecies. Formation of positively polarized gold is assumed to be
aused by the presence of adsorbed oxygen on the gold particles
r their interaction with the support [23,24,26,28,31,32,35–37].
adjiivanov and coworkers [36,37] proposed that the absorption

n the 2155–2130 cm−1 region could be attributed also to Au+–CO
pecies in which the Au+ cation resides on the metallic gold parti-
les. It should be noted that the last activation step of the samples
onsisted of evacuation at 400 ◦C and adsorbed oxygen cannot be
Please cite this article in press as: M. Kantcheva, et al., In situ FT-IR spec
catalyst  for CO-SCR of NOx, Catal. Today (2012), http://dx.doi.org/10.1016/

xpected under these conditions. Moreover, after the reduction of
he samples at 400 ◦C with CO, the absorption at 2125–2130 cm−1

s still present in the spectra of CO adsorbed at room temperature.
herefore, it could be proposed that the feature at 2125–2130 cm−1
1.43 ± 0.03 8
–

2.27 ± 0.01 10

could be associated with the presence of more defective gold sites
located most likely at the interface. It cannot be excluded that the
absorption at 2125–2130 cm−1 is associated with the presence of
larger Au particles. This proposition could be supported by the fact
that CO adsorbed on small gold particles is characterized by �(CO)
mode at lower wavenumbers and the �(CO) stretching vibration is
blue-shifted as the particle size increases [40]. Recently, absorp-
tion band at 2130–2140 cm−1 observed upon CO adsorption on
Au/Nb2O5 has been attributed to CO coordinated to larger gold
nanoparticles [41].

3.3. In situ FT-IR spectroscopic investigation of the NO + O2 + CO
reaction

3.3.1. NO + O2 surface reaction
In general, the mechanism of SCR of NOx on various oxide cata-

lysts involves the interaction of strongly adsorbed NOx
− species (x

is 2 or 3) with the reducer [2,42–46]. Therefore we studied the ther-
mal  stability of NOx species adsorbed on the surface of the 18WZ-CP
and Au/18WZ-CP samples.

NOx species on the surface of the Au/18WZ-CP sample were
created by adsorption of a (10 Torr NO + 25 Torr O2) mixture at
room temperature followed by evacuation for 20 min at the same
temperature (Fig. 2A, spectrum (a)). The absorption bands in the

−1
troscopic investigation of gold supported on tungstated zirconia as
j.cattod.2012.03.058

20502100215022002250

Wavenu mber  (c m-1)

Fig. 1. FT-IR spectra of CO (10 Torr) adsorbed at room temperature on the samples
studied.

dx.doi.org/10.1016/j.cattod.2012.03.058
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[34–37] and the carbonyl complex can be destroyed at temper-
ature higher than 25 ◦C. The absorption at 2165 cm−1 disappears
upon evacuation at room temperature (Fig. 4, spectrum (b)) and
could be attributed to Auı+–CO species or CO adsorbed on large
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2130
ig. 2. Panel A: FT-IR spectra of the Au/18WZ-CP sample taken after the addition of 

y  evacuation for 20 min  (a), and after heating the isolated IR cell for 10 min  at 100
c)  and 300 ◦C (d).

haracteristic of NO+ species [45–47].  Heating the isolated IR cell
n the temperature range 100–300 ◦C, leads to gradual decrease in
he intensities of the nitrate bands. The spectra of the gas phase
Fig. 2B) show that the major product of decomposition of the
urface nitrates is NO2. The Au-free 18WZ-CP sample contains anal-
gous type of adsorbed NOx species which were generated by the
ame way as described above (the spectra are not shown). However,
he surface nitrates on the Au-containing sample display higher
hermal stability.

There are reports in the literature [35,37],  showing that a mix-
ure of NO + O2 can cause oxidation of supported metallic gold
articles to cationic gold species and this process can occur at room
emperature. In order to find the effect of co-adsorption of NO + O2

ixture on the oxidation state of gold in the Au/18WZ-CP sample,
e investigated the adsorption of CO on the catalyst containing
re-adsorbed NOx species. It is well known that the spectral fea-
ures of adsorbed CO can provide information about the oxidation
tate of the adsorption site [34]. Surface nitrate species (absorption
ands between 1700 and 1000 cm−1) were generated by bringing

n contact the Au/18WZ-CP sample with a mixture of 10 Torr of
O and 25 Torr of O2 for 10 min  at room temperature followed by
vacuation at the same temperature for 20 min  (Fig. 3, spectrum
a)). To the sample treated in this way, 10 Torr of CO were added.
he spectrum detected at room temperature after 5 min  contains a
trong band with maximum at 2185 cm−1 (Fig. 3, spectrum (b)). The
ntensity of this signal increases significantly after 10 min  of contact

ith the CO (Fig. 3, spectrum (c)). Weak absorption at 2130 cm−1 is
bserved as well whose intensity increases in parallel with the main
and at 2185 cm−1. The latter signal falls in the range of reported
(CO) stretching vibrations of Au+–CO species (2197–2160 cm−1

31–37]). However, the increase in the intensity of the band at
185 cm−1 during the contact with CO contradicts the observed

nstability of the Au+–CO species in CO atmosphere [31–33,35] due
o reduction of Au+ adsorption sites by CO.
Please cite this article in press as: M. Kantcheva, et al., In situ FT-IR spec
catalyst  for CO-SCR of NOx, Catal. Today (2012), http://dx.doi.org/10.1016/

In order to ensure more efficient oxidation of gold, the cata-
yst pellet was treated with a (10 Torr NO + 25 Torr O2) mixture
t 300 ◦C for 30 min. Then the temperature was lowered to 200 ◦C
nd the gas mixture was removed from the IR cell upon dynamic
orr NO + 25 Torr O2) mixture to the IR cell for 10 min  at room temperature followed
, 200 ◦C (c) and 300 ◦C (d). Panel B: Gas phase spectra collected at 100 ◦C (b), 200 ◦C

evacuation while cooling to room temperature. Subsequent adsorp-
tion of CO (10 Torr) at room temperature results in the formation
of weak absorption bands at 2190 and 2165 cm−1 (Fig. 4, spec-
trum (a)). The spectrum in the nitrate region (not shown) displays
the same set of nitrate bands as shown in Fig. 2A, although with
weaker intensity. The band at 2190 cm−1 resists the evacuation at
room temperature (Fig. 4, spectrum (b)) and disappears upon out-
gassing at 100 ◦C (Fig. 4, spectrum (d)). The observed behavior of
the absorption at 2190 cm−1 is typical of Au+–CO species [34]. The
CO adsorbed on Au+ sites is stabilized by the synergism between
the �-dative and � back-bonding components of the Au+ CO bond
troscopic investigation of gold supported on tungstated zirconia as
j.cattod.2012.03.058

Fig. 3. FT-IR spectra of the Au/18WZ-CP catalyst collected after the adsorption of
a  (10 Torr NO + 25 Torr O2) mixture for 10 min  at room temperature followed by
evacuation for 20 min at room temperature (a) and adsorption of 10 Torr CO at room
temperature for 5 min  (b) and 10 min (c).

dx.doi.org/10.1016/j.cattod.2012.03.058


ARTICLE IN PRESSG Model

CATTOD-7946; No. of Pages 8

4 M. Kantcheva et al. / Catalysis Today xxx (2012) xxx– xxx

21002125215021752200222522502275

 A
bs

or
ba

nc
e

Wavenumber (cm-1 )

21
90

21
65

a

b

c

d

0.
02
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(10 Torr NO + 25 Torr O2) mixture for 30 min  at 300 ◦C followed by dynamic evacu-
a ◦

f
(

g
r
(
i
t
t
a
a

C
a
p
t
t
r
A
t
N
t
N
f

p
c
c
A
r
t
t
b
2
w
o
F
a
o

o
a
t
t

20502100215022002250

A
bs

or
ba

nc
e

Wavenumber (cm-1 )

2185

2128

a

b

0.
5

tion from 200 C to room temperature and subsequent adsorption of 10 Torr of CO
or 10 min  (a), evacuation for 15 min  at room temperature (b), 50 ◦C (c) and 100 ◦C
d).

old particles. This band is found at higher frequency than the cor-
esponding band observed on the activated Au/18WZ-CP sample
see Fig. 1) indicating that either the Auı+ sites bear a greater pos-
tive charge or there is agglomeration of the gold particles after
he high-temperature treatment with NO + O2 mixture. It is likely
hat the species giving rise to the band at 2165 cm−1 could be Au+

dsorption sites dispersed on the surface of metallic gold particles
s proposed in [36,37].

Spectrum (a) in Fig. 4 differs from the spectrum of adsorbed
O on the sample treated with NO + O2 mixture at room temper-
ture (Fig. 3, spectrum (c)). It seems that the oxidation of gold
articles by the NO + O2 mixture takes place at higher tempera-
ure (300 ◦C) and the absorption band at 2185 cm−1 detected during
he CO adsorption on the sample treated with NO + O2 mixture at
oom temperature (Fig. 3, spectra (b) and (c)) cannot be ascribed to
u+–CO species. This conclusion is supported also by the fact that

he color of the Au/18WZ-CP sample after the pre-treatment with
O + O2 mixture at room temperature remained the same as that of

he activated sample, i.e. gray-black. However, the treatment with
O + O2 mixture at 300 ◦C causes changes in the color of the sample

rom gray-black to pale-violet.
Taking into account that the compounds adsorbed at room tem-

erature on the Au/18WZ-CP sample are CO and NOx species, it
ould be proposed that the strong band at 2185 cm−1 in Fig. 3
ould be attributed to NCO species formed on metallic gold sites.
ccording to the literature [38,48,49] the Au–NCO species give
ise to absorption band at 2180–2190 cm−1. In order to verify
his assumption we performed 13CO adsorption on the sample
reated with NO+O2 mixture at room temperature (Fig. 5). The
and at 2185 cm−1 is shifted down by 57 cm−1 and is positioned at
128 cm−1 on 13C substitution. The observed ��  value is consistent
ith that reported by Celio et al. [50] for the isotopic shift detected

n substituting 13C for 12C in NCO species adsorbed on Cu(1 0 0).
rom these results it can be concluded that the weak absorption at
bout 2130 cm−1 in Fig. 3, spectrum (c) belongs to the 13CO satellite
f the band at 2185 cm−1.

The behavior of the absorption at 2185 cm−1 in the presence
Please cite this article in press as: M. Kantcheva, et al., In situ FT-IR spec
catalyst  for CO-SCR of NOx, Catal. Today (2012), http://dx.doi.org/10.1016/

f water vapor can be used as additional evidence supporting the
ssignment of this feature to Au–NCO species. It is well known that
he NCO species can react with water producing ammonia and CO2
hrough the formation of HNCO [11,51]. The species characterized
Fig. 5. FT-IR spectra of 10 Torr of CO (a) and 10 Torr of 13CO (b) adsorbed at room
temperature on the Au/18WZ-CP sample.

by the absorption band at 2185 cm−1 are generated by adsorption
of CO (10 Torr, for 10 min) on the sample treated with NO + O2 mix-
ture at room temperature as described above and then the gaseous
CO was  evacuated for 15 min (Fig. 6A, spectrum (a)). The addition
of 0.1 Torr of water vapor at room temperature causes significant
decrease in the intensity of the band at 2185 cm−1 (Fig. 6A, spec-
trum (b)) and appearance of CO2 and HNCO (�as(NCO) at 2266 cm−1

[51]) in the gas phase (Fig. 6B, spectrum (b)). The formation of
the latter compounds confirms unambiguously the assignment of
the band at 2185 cm−1 to Au–NCO species. Increasing the tem-
perature to 100 ◦C results in further decrease in the amount of
isocyanates (Fig. 6A, spectrum (c)) and they disappear completely
at 200 ◦C (the spectrum is not shown). No ammonia was  detected in
the gas phase most likely because of its low concentration and/or
adsorption on the catalyst surface. The sample spectra in the NH
stretching region are noisy and are not representative. The bend-
ing modes of coordinated ammonia and NH4

+ ion fall in the region
of stretching vibrations of the nitrates and if formed, they can-
not be resolved. It should be noted that the adsorption of CO on
the NOx-precoved 18WZ-CP sample does not lead to the formation
of NCO species which on oxides surfaces produce absorptions in
the 2280–2200 cm−1 region [38,46,48,49,52]. The absence of NCO
species coordinated to the support in the case of Au/18WZ-CP sam-
ple can be explained by unavailability of adsorption sites which are
blocked by the nitrate species.

The Au–NCO species observed on the Au/18WZ-CP sample are
characterized by high thermal stability and they are removed by
dynamic evacuation at 350 ◦C (Fig. 7).
troscopic investigation of gold supported on tungstated zirconia as
j.cattod.2012.03.058

3.3.2. NOx + CO surface reaction
The aim of this experiment is to investigate the possibility of CO

to act as reducing agent toward the NOx species adsorbed on the

dx.doi.org/10.1016/j.cattod.2012.03.058
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ig. 6. Panel A: FT-IR spectra of the Au/18WZ-CP catalyst collected after the adso
y  evacuation for 20 min  at room temperature, adsorption of 10 Torr CO at room te
ddition of 0.1 Torr of water vapor for 10 min  at room temperature (b) and 100 ◦C (c

urface of the Au/18WZ-CP catalyst. Adsorbed nitrate species were
Please cite this article in press as: M. Kantcheva, et al., In situ FT-IR spec
catalyst  for CO-SCR of NOx, Catal. Today (2012), http://dx.doi.org/10.1016/

reated by adsorption of mixture of 10 Torr NO and 25 Torr O2 at RT
or 10 min  followed by evacuation for 20 min  at RT (Fig. 8A, spec-
rum (a)). Then CO (10 Torr) was added (Fig. 8A, spectrum (b)) and
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ig. 7. FT-IR spectra of the Au/18WZ-CP catalyst collected after the adsorption of a
10 Torr NO + 25 Torr O2) mixture for 10 min  at room temperature followed by evacu-
tion for 20 min  at room temperature, adsorption of 10 Torr CO at room temperature
or  10 min  and evacuation of the gaseous CO for 15 min  at various temperatures
RT = room temperature).
 of a (10 Torr NO + 25 Torr O2) mixture for 10 min at room temperature followed
ature for 10 min  and evacuation of the gaseous CO for 15 min  (a), and subsequent
el B: Gas phase spectra corresponding to the sample spectra (b) and (c).

the isolated IR cell was  heated for 10 min  at various temperatures.
The sharp band at 2185 cm−1 assigned to Au–NCO species increases
in intensity at 50 ◦C (Fig. 8A, spectrum (c)) and disappears at 200 ◦C
(Fig. 8A, spectrum (f)) simultaneously with the NO2 observed in the
gas phase (Fig. 8B, spectrum (f)). It can be concluded that the NCO
species react with the NO2 leading to the formation of CO2 and N2.
Some amounts of N2O and NO are detected as well. The fact that
in the absence of CO, the NO2 is present in the gas phase (Fig. 2)
supports the assumption that the NO2 is reduced by CO through
the intermediacy of Au–NCO species.

The spectra shown in Fig. 9 illustrate the reactivity of the
Au–NCO species generated on the Au/18WZ-CP sample toward
NO2. The absence of CO in the gas phase prevents the formation
of additional Au–NCO species at 50 ◦C (see Fig. 8A, spectrum (c))
and allows monitoring the onset temperature of the NCO + NO2
reaction. The NCO species have been obtained by adsorption of
10 Torr of CO on the NOx-precovered Au/18WZ-CP sample followed
by evacuation for 20 min  at room temperature (Fig. 9, spectrum
(a)). After the admission of 0.4 Torr of NO2 at room temperature
(Fig. 9, spectrum (b)), the isolated IR cell was  heated between 25
and 250 ◦C for 10 min  at each temperature. The exposure of the
sample to NO2 at room temperature (Fig. 9, spectrum (b)) causes
strong decrease in the intensity of the band at 2185 cm−1 indicating
that the NCO + NO2 reaction takes place already at 25 ◦C. The sur-
face concentration of the NCO species decreases rapidly with the
temperature and they disappear at 250 ◦C (Fig. 9, spectrum (g)).
The gas phase spectra (not shown) contain CO2 and NO2 that has
been taken in excess. As shown above, the Au–NCO species have
high thermal stability and leave the surface upon dynamic evacu-
ation at 350 ◦C (Fig. 7). These results confirm the high reactivity of
the isocyanates formed on the gold particles and suggest that the
Au/18WZ-CP catalyst may  have the potential for low-temperature
reduction of NOx with CO in the presence of oxygen.

In order to obtain information about the role of WOx species
in the NOx + CO surface reaction, we studied the interaction of CO
troscopic investigation of gold supported on tungstated zirconia as
j.cattod.2012.03.058

with nitrate species pre-adsorbed on the Au/ZrO2 catalyst. Also
in this case, nitrate species (bands between 1700 and 1000 cm−1)
were created by adsorption of mixture of 10 Torr NO and 25 Torr
O2 at RT for 10 min  followed by evacuation for 20 min  at RT

dx.doi.org/10.1016/j.cattod.2012.03.058
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Fig. 10A, spectrum (a)). After the addition of 10 Torr of CO at room
emperature, the isolated IR cell was heated for 10 min  at various
emperatures. As with the Au/18WZ-CP sample, the sharp band at
184 cm−1 is characteristic of NCO species adsorbed on Au. The
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comparison of the spectra shown in Figs. 8 and 10 leads to the
conclusion that the WOx-containing catalyst should have higher
activity because the adsorbed NCO species and NO2 disappear at
200 ◦C whereas in the case of Au/ZrO2 sample they are present
at this temperature. Despite of the higher concentration of sur-
face nitrates on the Au/ZrO2 sample, the amount of evolved NO2
is lower. This suggests that the surface tungstates lower the stabil-
ity of the nitrate ions. In addition, the weak absorptions at 1450 and
1420 cm−1 observed in the spectrum of Au/ZrO2 detected at 250 ◦C
indicate the formation of stable polydentate carbonates [53,54]
which may  have negative effect on the catalytic activity. No such
species are found in the case of the Au/18WZ-CP sample.

Finally, it should be noted that the Au-free 18WZ-CP sample
does not catalyze the interaction between adsorbed NOx species
and CO: the evolved NO2 is present in the gas phase between 25
and 350 ◦C (the data are not shown).

3.3.3. Interaction of a (10 Torr NO + 14 Torr CO) mixture with
Au/18WZ-CP

The aim of this experiment is to show the role of NO + O2,
respectively NO2, for the formation of Au–NCO species. The spectra
(Fig. 11)  are collected in the presence of NO + CO reaction mixture at
various temperatures. The band at 2230 cm−1 observed in the spec-
trum taken at room temperature (Fig. 11A, spectrum (a)) is typical
of adsorbed N2O which is present as impurity in the gaseous NO
(Fig. 11B). The absorption at 2198 cm−1 corresponds to Zr4+–CO
whereas the signal at 2118 cm−1 is assigned to Au0–CO species
(Fig. 11A). The spectrum recorded at RT contains absorption bands
which are attributed to bidentate HCO3

− (1606 and 1222 cm−1),
bidentate (1555 and 1305 cm−1) and polydentate carbonates (1456
and 1420 cm−1) [53,54]. The assignment of the absorptions in the
1700–1000 cm−1 region to carbonate species is confirmed by the
FT-IR spectra of adsorbed CO taken in the 25–250 ◦C temperature
range. The data are not shown for the sake of brevity. The intensi-
troscopic investigation of gold supported on tungstated zirconia as
j.cattod.2012.03.058

ties of the bands at 2230, 2198 and 2118 cm−1 decrease with the
temperature and these absorptions are no longer present in the
spectrum taken at 150 ◦C (Fig. 11A, spectrum (d)). Only Zr4+–NO
nitrosyl (1937 cm−1 [55]) and NO− (1178 cm−1 [47,55])  ion are

dx.doi.org/10.1016/j.cattod.2012.03.058
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dentified as NOx species adsorbed at room temperature. No surface
itrates and Au–NCO species are formed even at higher tempera-
ures. This fact indicates that the nitrate species or activated NO2
re essential for the formation of Au–NCO species and that the oxi-
ation of NO by oxygen is an important step. The gas phase spectra
Fig. 11B) show that the amount of N2O increases with the tem-
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erature being the highest at 250 ◦C (spectrum (f)) when the NO−

pecies are removed completely from the surface. The CO2 detected
n the gas phase at 200 ◦C (Fig. 11B, spectrum (e)) most likely
ppears as a result of decomposition of the surface carbonates.
n of a (10 Torr NO + 14 Torr CO) mixture for 10 min  at room temperature (a) and
 (e) and 250 ◦C (f). Panel B: Gas phase spectra collected at 25 ◦C (a), 50 ◦C (b), 100 ◦C

4. Conclusions

Gold catalysts prepared by cationic adsorption of aqueous solu-
tion of [Au(en)2]Cl3 complex on zirconia and tungstated zirconia
have been investigated by in situ FT-IR spectroscopy. The adsorp-
tion of CO shows the presence of positively charged (or large gold
troscopic investigation of gold supported on tungstated zirconia as
j.cattod.2012.03.058

clusters) and neutral gold particles on both supports. Detailed FT-
IR investigation of the interaction between CO and NOx species
pre-adsorbed on Au/ZrO2 and Au/ZrO2–WOx samples reveal the
formation of surface isocyanates attached to the gold particles.

dx.doi.org/10.1016/j.cattod.2012.03.058
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