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a  b  s  t  r  a  c  t

Metallic  supported  structured  catalysts  were  obtained  by  washcoating  AluchromYHf  monoliths  with  an
Au/TiO2 catalyst.  The  powder  catalyst  was  synthesized  by  DAE  (direct  anionic  exchange)  method.  Using
this  catalyst,  a stable  slurry  was  prepared  and  used  to  washcoat  the  monoliths.  TEM  and  SEM  studies
revealed  that  gold  nanoparticles  in the  Au/TiO2 powder  catalyst  had  an  average  diameter  of  3–4  nm,  but
during  the preparation  of  the  structured  catalyst,  aggregate  Au  particles  of  the  slurry  reached  diameters
of 9  nm.  Before  coating,  Aluchrom  YHf  monoliths  were  thermally  treated  to generate  a  homogeneous
and  well-adhered  oxide  rough  surface  layer,  mainly  composed  of �-Al2O3 whiskers,  which  favored  the
anchoring  of  the  catalyst.  The  catalytic  layer  deposited  was  well  attached  and  contained  not  only  the
Au/TiO2 catalyst  but also  metallic  oxides  formed  from  stainless  steel  components  that  diffused  through
O oxidation
etallic monoliths

luchrom YHf

the oxide  scale.  The  structural  characterization  was  performed  by XRD,  XRF,  TEM,  SEM, GD-OES  and  SBET.
The  catalytic  activity  of  the  powder  and structured  catalysts  was  tested  in  the  oxidation  of  the  CO

reaction.  Catalysts  demonstrated  to be  active  at  room  temperature.  After  a  first  activation  run,  and  in
spite of their  larger  gold  particle  size,  the  catalytic  activities  of  the structured  catalysts  overcame  those  of
the  powder  catalyst.  This  improvement  is  probably  due  to  the  segregation  of  the  transition  metal  oxides

 scale
toward  the  surface  oxide

. Introduction

The number of studies concerning the use of gold catalysts for
ifferent catalytic applications has grown exponentially in recent
ears [1–12]. These catalysts are particularly active toward oxi-
ation reactions, specifically for CO removal at low temperature,
uch as total oxidation (TOX), CO preferential oxidation under H2
treams (PROX) and water gas shift (WGS). The scientific and tech-
ological interest in these reactions has considerably increased
ince CO is one of the main atmospheric pollutants and constitutes
he main poison of Pt electrodes in PEM fuel cells, which require H2
treams free of CO (typically less than 10–50 ppm).

Besides, in gold catalysis TiO2 is considered as an “active sup-
ort” since it can provide active oxygen to gold particles, thus

ncreasing the activity of gold catalysts toward the CO oxidation
eaction [13].

On the other hand, interest in the use of structured catalysts and
eactors, particularly monoliths and microreactors has increased
n the last few years since they present considerable advan-

ages if compared to powder catalysts (better energetic efficiency,
igh activity in relation to the catalyst active phase, safer work-

ng conditions, process intensification, etc.) [14–18].  Despite the

∗ Corresponding author. Fax: +54 342 4536861.
E-mail address: vmilt@fiq.unl.edu.ar (V.G. Milt).

169-4332/$ – see front matter ©  2013 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.apsusc.2012.12.159
.
© 2013 Published by Elsevier B.V.

extensive use of ceramic monoliths (mainly cordierite) in auto-
motive exhaust catalysts, metallic monoliths are an interesting
alternative to ceramic ones, especially in exothermic reactions
since they present a series of comparative advantages such as
higher mechanical strength, higher thermal conductivity, and
lower thermal inertia and lightness. Under certain circumstances,
these advantages could compensate their higher costs. The main
problem with preparing the metallic monolith catalytic devices lies
in the low adhesion between the metallic substrate and the catalytic
coating. However, this problem is often overcome by the use of Al-
containing ferritic stainless steels treated at high temperature; at
this temperature they segregate scales that improve the adherence
of the catalytic coating to the surface [19]. These scales are mainly
composed of �-Al2O3 in the form of needle-like whisker structures,
although doping elements present in the stainless steel (such as Y,
Zr and Ti) tend to become incorporated into them and modify their
protective properties [20].

The direct deposition of the gold ethylenediamine complex on
modified carbon fibers reported by Bulushev et al. [21] and the two-
step preparation of Au/TiO2/carbon-carbon composites, reported
by Hammer et al. [22], were employed as structured reactors for
low temperature CO oxidation. However the nature of the metallic

monoliths and the response of the metal to chemical treatments
do not allow the use of either the direct adsorption or the deposi-
tion precipitation methods for the preparation of gold catalysts. The
deposition of powder gold catalysts over metallic structures then

dx.doi.org/10.1016/j.apsusc.2012.12.159
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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as to be done by washcoating. Au/Al2O3, Au/CeO2, Au/CeO2/Al2O3,
u/pillarized bentonites and Au/cryptomelane solids have been
uccessfully deposited on stainless steels monoliths [17,19,23–25].
owever, catalyst deposition can result in modifications of the cat-
lyst through the interaction between the coating and the metal
xidation scale. These modifications can affect the activity of the
atalyst and depend on the atmosphere and reaction conditions,
ith the alteration of the catalytic features upon reaction time

eing possible [24].
To the best of our knowledge, no studies on the preparation

f metallic monoliths washcoated with Au/TiO2 catalysts have
een published, whereas the use of ceramic substrates or carbon-
arbon composites has been already reported [22,26]. In this
ein, the objectives of this work are to determine if the depo-
ition of the powder Au/TiO2 catalyst over metallic surfaces is
easible in order to apply these systems as structured catalysts
or processes where either TiO2 or Au/TiO2 have proved to be
ery active (i.e. photocatalytic reaction, CO oxidation, etc.) and
o study the influence of the metallic substrate on the activity
f the catalyst. The correlations between structure and activ-
ty behavior of the powder and the structured catalyst are also
stablished.

. Experimental

.1. Powder Au/TiO2 catalyst

The powder Au/TiO2 catalyst (denoted as “Au/TiO2”) was pre-
ared by the direct anionic exchange method (DAE), as reported
lsewhere [27]. An aqueous solution of HAuCl4 of concentration
.7 × 10−4 mol  L−1 was stirred and heated up to 70 ◦C during 30 min,
fter which TiO2 (Degussa P25) was added. The amount of TiO2
dded was calculated in order to obtain a final Au loading of 2 wt.%.
he slurry was stirred at 70 ◦C during 20 min. Then, at room temper-
ture, NH3 was added under continuous stirring and after 20 min,
he obtained solid was filtered, dried overnight at 120 ◦C and finally
alcined at 300 ◦C during 4 h.

.2. Structured support (metallic monolith)

Commercial Aluchrom YHf ferritic chromium steel sheets
50 �m thick) were used as raw material. The weight chemical com-
osition of the employed steel is: 20% Cr and 5.5% Al (Fe balance).
i (0–0.3%), C (0–0.05%), Mn  (0–0.5%), Si (0–0.5%), Zr (0–0.07%), Y

0–0.1%) and Hf (0–0.1%) could also be present. The sheets were
ashed with water and soap and then put in a vessel with acetone

n an ultrasonic bath for 30 min. Monoliths were prepared by rolling
round a spindle alternate flat and corrugated sheets to obtain a
ylindrical monolith of 25 mm in height and 15 mm in diameter
cell density = 155 cell cm−2). The prepared monoliths were cleaned
gain with acetone in ultrasound for 30 min.

The monoliths were thermally treated to generate a rough
dherent oxide layer for a better anchoring of the subsequent cat-
lytic film. This treatment consisted in heating the monoliths in a
urnace at 900 ◦C during 22 h at a heating rate of 10 ◦C min−1. As
escribed elsewhere [28], this treatment produces the adequate
xide thickness that makes this layer thermally and mechani-
ally stable. The thermally treated monoliths were denoted as
(900).
Following the same procedure, 2 × 2 cm Aluchrom YHf plates of
ifferent thickness (50 and 600 �m)  were prepared. The thermally
reated plates were denoted as P(900). The thicker plates were nec-
ssary to analyze the composition of the structured catalysts in
epth by GD-OES.
ience 270 (2013) 169– 177

2.3. Structured catalyst: deposition of the Au/TiO2 powder
catalyst onto the monoliths

The catalyst deposition was carried out by washcoating using
a slurry containing the Au/TiO2 catalyst. The slurry was prepared
using water as solvent, with 2 wt.% of PVA (polyvinylalcohol), 5 wt.%
of the Au/TiO2 catalyst powder and 5 wt.% of Al2O3 colloidal suspen-
sion (Nyacol, 20 wt.%). Considering the total content in solids, the
slurry contained 16.7 wt.% of alumina. Taking into account the IEP of
the catalyst (6.67), the pH of the slurry was adjusted to 4 by adding
a HNO3 solution (2 M).  At this pH, the catalyst particles were pos-
itively charged and the stability of the slurry was guaranteed. The
viscosity of the slurry was  3.2 cP. The thermally pretreated mono-
liths were immersed into the prepared slurry at a constant speed
of 3 cm min−1, maintained during 1 min  and then withdrawn at the
same constant speed. The excess of slurry in the monolith chan-
nels was  removed by centrifugation at 400 rpm for 10 min. After
the catalytic coating deposition, monoliths were dried in a stove at
140 ◦C. In order to increase the amount of the catalyst loading, the
above described procedure was repeated several times, weighing
after each one. Two batches of monoliths with 5 and 10 cycles were
prepared. After all the immersion steps, monoliths were calcined
at 300 ◦C for 4 h at 10 ◦C min−1 and denoted as Au/TiO2(5)/M and
Au/TiO2(10)/M, respectively.

Following the same procedure, structured catalysts deposited
on thermally treated plaques (see Section 2.2)  were prepared
repeating the immersion step into the slurry suspension from 1
to 10 cycles, the only difference being the absence of the centrifu-
gation step. Finally, the systems were calcined at 300 ◦C for 4 h at
10 ◦C min−1 and the catalysts were denoted as Au/TiO2(5)/P and
Au/TiO2(10)/P, respectively.

It should be noted that the slurry contains not only the pow-
der Au/TiO2 catalyst but also some additives like PVA and Nyacol
used to achieve the required rheological properties, namely desired
viscosity and stability of the suspension. In order to check how
these additives affected the characteristics of the catalyst, the slurry
remaining after the coatings was dried in a stove at 140 ◦C overnight
and then it was milled and calcined at 300 ◦C for 4 h at 10 ◦C min−1.
This solid was  labeled as Au/TiO2 + Al2O3.

2.4. Characterization

X-ray diffraction analyses (XRD) were obtained with a Siemens
D500 diffractometer, using Cu K� radiation (� = 1.5404 Å) from
2� = 10◦ to 2� = 80◦ at a scan rate of 1◦ min−1.

The gold content of the powder samples was  determined by
X-ray fluorescence spectrometry (XRF) in a Siemens SRS 3000
sequential spectrophotometer with a rhodium tube as the source
radiation. XRF measurements were performed onto pressed pellets
(10 wt.% sample in wax).

The textural properties were determined by N2 adsorption
at -196 ◦C in a Micromeritics ASAP 2010 equipment. Before the
analysis, samples were degassed for 2 h at 150 ◦C in a vacuum. Con-
ventional cells were used for the powder catalysts and in the case of
monoliths, they were put in a homemade cell that allowed analyz-
ing the complete monolith [19]. The degassing pretreatment was
the same as that used for the powder catalyst and in the case of the
structured catalysts, BET surface area values were expressed per
gram of deposited catalyst.

The morphology of the samples was analyzed by SEM (scan-
ning electron microscopy) using a JEOL 5400 instrument and TEM
(Transmission electron microscopy) using a Philips CM 200 micro-

scope operating at 200 kV. In the case of the structured catalysts,
the plaques were analyzed.

The adherence of the catalytic layer to the monolith was eval-
uated by the ultrasonic method [29]. The monoliths immersed in
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Fig. 1. (a) SEM image of the powder Au/TiO2 catalyst; (b) gold particle size distribution in the Au/TiO2 powder catalyst obtained from SEM results; (c) TEM image of the
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owder Au/TiO2 catalyst and (d) gold particle size distribution in the Au/TiO2 powd

thyl ether were submitted to an ultrasonic treatment in a Cole
almer ultrasonic bath (47 kHz and 30 W)  for 30 min  at room tem-
erature, which was controlled by water circulation. After that,
he sample was dried at 80 ◦C overnight and calcined at 300 ◦C
or 4 h. The weight loss was determined by the difference in

ass of the samples before and after the ultrasonic test, both
fter drying at 80 ◦C and calcination at 300 ◦C. Results are pre-
ented in terms of adherence, which is defined as the retained
uantity of coating on the monolith, expressed in percentage. In
he case of the calcined monoliths (without catalyst), the sta-
ility test was performed in order to study the stability of the
xide scale formed after calcination of the ferritic stainless steel
upport.

The isoelectric point (IEP) of the powder catalyst was deter-
ined in a ZETAMASTER equipment. The slurry viscosity was
easured in a Brookfield RVDVIII viscometer. Roughness was mea-

ured with a Mitutoyo SJ-201P surface roughness tester on catalysts
upported on plaques.

In-depth compositional analysis of the catalytic layer deposited

n plaques was determined by Glow Discharge Optical Emission
pectroscopy (GD-OES) experiments using a LECO GDS 750A spec-
rometer. The GD-OES analyses were performed with a Grimm
amp in the DC mode at 700 V using a constant power of 14 W.  In
alyst obtained from TEM results.

order to ensure average macroscopic information of the analyzed
plaques, a 4 mm-diameter area was analyzed in all cases.

2.5. Catalytic activity

The catalytic oxidation of CO was carried out in a conventional
continuous flow U-shaped glass reactor operating at atmospheric
pressure. The inlet and outlet gas compositions were analyzed with
a Balzers Thermostar mass spectrometer. The light-off curves for CO
oxidation were obtained with a gas mixture of 3.4% CO and 21% O2
(He balance), with a total gas flow of 42 cm3 min−1. The reactant
stream was passed through the reactor during 45 min  at room tem-
perature and then the temperature was increased at 10 ◦C min−1

up to 300 ◦C and kept in this value for 1 h. No activity was  observed
under these conditions with the empty reactor (blank test). The cat-
alysts were activated in situ at 300 ◦C for 60 min  under the reaction
conditions. In the light-off curves, the activation runs was indicated
as “1st”. Then, always under reactant stream, the temperature was
decreased from 300 ◦C to room temperature and, after stabilization;

the temperature was raised again to 300 ◦C with a heating ramp of
10 ◦C min−1 and kept at this temperature for 1 h. The correspond-
ing light-off curve was denoted as “2nd”. In the case of the powder
catalyst, a total weight of 80 mg  of catalyst with particle size below
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Fig. 2. XRD patterns of the powder catalysts.

00 �m was used, the weight hourly space velocity (WHSV) of the
atalytic test being 31500 mL  g(cat)−1 h−1.

. Results and discussion

.1. Powder catalyst

The SEM picture of the powder catalyst (Au/TiO2, Fig. 1a) shows
hat gold particles are homogeneously distributed into the TiO2

atrix. The particle size distribution is schematized in Fig. 1b,
here it can be noticed that 50% of the gold particles are 3.2 nm in
iameter. The average particle size indicates that the mean diame-
er of gold nanoparticles is 4 nm,  the standard deviation being 1 nm.
t is expected that gold particles of smaller size, which cannot be
etected by SEM, could also be present. The TEM technique allowed
s to obtain better particle size distribution (Fig. 1c). Fig. 1d shows
he corresponding gold nanoparticle size distribution, the average
ize being 3.1 nm,  lower than that obtained using SEM data.

No diffraction signals corresponding to metallic gold (2�: 38.3,
4.6, 64.6 or 77.55◦) are observed in the XRD pattern of the Au/TiO2
atalyst (Fig. 2), although the gold content as measured by XRF
as 1.93 wt.% (Table 1), which emphasizes the small dimension of

old particles. All diffraction lines observed in Fig. 2 for the Au/TiO2
atalyst correspond to anatase (JCPDS 71-1167) and rutile (JCPDS
6-0319) phases of TiO2, according to the P25 TiO2 used for the
reparation of the powder catalysts. On the other hand, the XRD
attern of the Au/TiO2 + Al2O3 solid is very similar to that of the
u/TiO2 catalyst, although a low intensity reflection at 2� = 44.6 is
bserved which highlights the existence of larger polycrystalline
old particles. After subtraction of the XRD pattern of the titania
upport the other gold diffractions emerged (not shown). The size
f the gold crystallites calculated from the broadening of these
eflection peaks and applying the Scherrer equations is 10 nm.
The SEM picture of the Au/TiO2 + Al2O3 solid (Fig. 3a) shows that
old particles remained homogeneously distributed although they
ad a higher particle size than gold particles in the Au/TiO2 catalyst.
his means that, after all the immersion steps of monoliths and

able 1
atalysts composition.

Sample wt.% Al2O3 wt.% TiO2 wt.% Au Au/TiO2 ratio
(wt./wt.)

Au/TiO2 – 98.07 1.93 0.020
Au/TiO2 + Al2O3 2.25 95.40 2.34 0.025
Fig. 3. (a) SEM image of the powder Au/TiO2 + Al2O3 catalyst and (b) gold particles
size distribution in the Au/TiO2 + Al2O3 powder catalyst.

plaques into the slurry, Au particles aggregate to some extent, the
average particle size of gold particles in the Au/TiO2 + Al2O3 solid
being 9 nm (Fig. 3b), which agrees with the XRD data.

The BET surface area of the Au/TiO2 catalyst was 52 m2 g−1

whereas in the case of the Au/TiO2 + Al2O3 solid it was 56 m2 g−1.
The slightly higher value observed for the Au/TiO2 + Al2O3 solid
is due to the presence of colloidal Al2O3 that contributes to the
BET surface area of Au/TiO2, since the powder specific surface area
obtained after drying and calcination at 300 ◦C of the colloidal alu-
mina suspension is 192 m2 g−1. Considering the BET surface area of
the Au/TiO2 catalyst and that corresponding to the colloidal Al2O3,
the content in alumina of the slurry after the coating process can be
estimated in 3 wt.%, in good agreement with the chemical composi-
tion obtained by XRF analysis (Table 1). The alumina content in the
post- deposition slurry is well below its initial value (16.7 wt.%),
pointing to a preferential deposition of Al2O3 over the metallic
substrates, in agreement with the chemical compatibility of the col-
loidal alumina with the oxide scale (mainly composed of �-Al2O3)
generated after the ferritic steel thermal treatment.

3.2. Structured catalyst
Fig. 4 shows that the catalyst weight incorporated to the mono-
liths is almost linear with the number of immersion steps. The
average catalyst weight gained per monolith after 5 immersions
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Fig. 5. XRD patterns of the structured catalysts. � �-Al2O3, © boehmite, � TiO2

2 3
ectangles and circles correspond to two batches of Au/TiO2(5)/M preparations and
p and down triangles, to two batches of Au/TiO2(10)/M preparations.

s 57.7 mg  and after 10 immersions, 96.8 mg.  This indicates that
fter each immersion cycle, approximately 10 mg  of catalyst are
oaded onto the monolith walls. From these values, and considering
he geometric area of the monoliths (325 cm2), the surface loading
nto the structured catalyst can be estimated in 0.18 mg  cm−2 and
.30 mg  cm−2 for Au/TiO2(5)/M and Au/TiO2(10)/M, respectively.

As the surface area of the oxidized metallic monolith is hardly
easurable, (below 1 m2 g−1) the measured surface area and poros-

ty of the monolith correspond directly to the catalytic layer. The
pecific surface areas of the structured catalysts were 85.5 m2 g−1

or the Au/TiO2(5)/M and 94.4 m2 g−1 for the Au/TiO2(10)/M cata-
yst (referred to the mass of deposited coating). These values are
igher than those obtained for the powder solid, caused by the

mportant contribution of the alumina additive, used in the prepa-
ation of the slurry. As explained before, taking into account the
ET specific surface areas of the colloidal Al2O3 and the Au/TiO2
owder catalyst and assuming that no important changes in the
extural properties of both solids occur, the relative proportion of
l2O3 to Au/TiO2 can be estimated. In the case of Au/TiO2(5)/M,

he coating is composed of 24% Al2O3 and 76% Au/TiO2 and for
u/TiO2(10)/M, the composition of the coating is 30% Al2O3 and
0% Au/TiO2, in both cases the coating is enriched in alumina in
omparison to the initial alumina content in the slurry (16.7 wt.%).
he latter also agrees with the observed deficiency in Al2O3 content
nto the post-deposition slurry (3 wt.%).

Taking into account the BET surface area values and the weight
ncrement of the monoliths both after calcination and after the cat-
lyst deposition, the thickness of the different oxide layers could be
stimated. For the calculus, the density of the Al2O3 was  taken as
.0 g cm−3 and that of TiO2, 4.2 g cm−3 [30]. The calculated thick-
esses were 0.5 �m for the oxide layer of the calcined Aluchrom
onolith, 1.1 �m for the catalytic layer of Au/TiO2(5)/M and 1.7 �m

or Au/TiO2(10)/M.
The commercial support (Aluchrom YHf) exhibits two intense

RD reflection lines at 44.4◦ and 64.5◦ that correspond to the Fe-
r matrix with a BCC structure (Fig. 5a, [31]). After calcination at
00 ◦C for 22 h, diffraction peaks characteristics of �-Al2O3 (corun-
um, JCPDS 75-1862), metal carbides (typically Cr23C6, JCPDS
1-0552) and manganese oxide (Mn2O3, JCPDS78-0390) become
isible (Fig. 5b).
Reflections of the stainless steel support still appear in the XRD
attern of the structured catalyst (Fig. 5c and d), together with

 signal corresponding to anatase (JCPDS 71-1167), rutile (JCPDS
anatase, � TiO2 rutile, � Mn2O3, � M23C6. (a) Aluchrom plate, (b) Aluchrom plate
calcined at 900 ◦C for 22 h (P900), (c) Au/TiO2(5)/P and (d) Au/TiO2(10)/P.

76-0319) and boehmite (JCPDS 21-1307). As expected, the higher
the number of coatings, the lower the intensity of the metal support
signals and the higher the intensity of the catalyst reflections. How-
ever, the complexity of the XRD diagrams prevents the detection
of gold reflections.

The chemical composition of the structured catalysts from the
metallic surface of the Aluchrom YHf plaque and through the cat-
alytic coating was  analyzed by GD-OES. The thickness of the oxide
scale generated after Aluchrom YHf calcination at 900 ◦C for 22 h
(P900) was estimated in about 0.9 �m (Fig. 6a), where two differ-
ent areas can be distinguished. The most external layer (<0.7 �m)
is enriched in Si and slightly in C and Mn in relation to the bulk
composition (Fig. 6b). Silicon entering in the composition of SiO2
and manganese is present in its oxide form (Mn2O3), as confirmed
by XRD. Finally, as XRD reveals, carbon appears as M23C6-type car-
bides. In the internal layer, the aluminum oxide is the main species,
having its maximum at 0.8 �m of depth and gradually tending to Al
bulk concentration of the ferritic steel support as considering inner
depths (Fig. 6a). However, composition in the outer atomic layers
is not reliable because there is insufficient time for the sputtering
to reach a steady state, since a preferential sputtering (removal of
some elements more readily than others) normally occurs [32].

For the Au/TiO2(5)/P catalyst (Fig. 7a), the thickness of the layer
is about 1.4 �m.  Three zones can be identified in the depth profile.
The more external layer, of about 0.1 �m in thickness, is enriched
not only in carbon and silicium but also in manganese and nickel
(Fig. 7b). The presence of Mn  and Ni indicates the additional mod-
ification of the oxide scale composition with the coating process
[24]. Below this region, there is a 1 �m layer enriched in titanium
that corresponds to the catalytic coating. Therefore, there is no
clear interface between the catalytic coating and the external oxide
layer; in addition, some titanium also migrates to the external layer.
This phenomenon was  observed before in the case of austenitic
stainless steel coated with CeO2 [24]. The third layer is mainly com-
posed of alumina (Fig. 7a). It is interesting to note that the intensity
of the Al signal on the external surface of the Au/TiO2(5)/P catalyst
is higher than that exhibited for the bare calcined Aluchrom sup-
port (46 wt.% vs. 16 wt.% at the maximum value, see Figs. 6a and
7a). This could be directly related to the addition of colloidal Al O

to the slurry and its subsequent preferential deposition on the cal-
cined Aluchrom plate, where Al is preferentially segregated after
thermal treatment at 900 ◦C.
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cale.

GD-OES results on Au/TiO2(10)/P (Fig. 8a) reveal the segregation
f the same elements as observed for Au/TiO2(5)/P, with an increase
f the thickness of the catalytic layer (2.5 �m).  The titania distribu-
ion curve in the catalytic layer shifts to a higher depth, broadens

nd increases in value (Fig. 8b), which agrees with the increase of
he surface loading of catalyst.

Thickness values experimentally obtained are higher than the
alculated ones, probably because the estimation based on the
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surface area and the layer density underestimates the thickness of
the layer, due to the decreased porosity of the coating, as reported
by Rebrov et al. [33].

Another outstanding point from GD-OES is that, even after

the incorporation of the Au/TiO2 catalyst to the Aluchrom cal-
cined plates, the presence of elements that constitute the ferritic
support (Fe, Al, Si and Cr) is also observed on the external sur-
face (outer 2 �m). This is more pronounced after the catalytic
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ies for Au/TiO2 [13,35],  although similar to those described by
ig. 9. Comparison of the in-depth compositional analysis of Au/TiO2(10)/P (GD-OE
erritic stainless steel components and (b) profiles of some components of the oxid

valuation and implies the mobility of the constituent elements
f the ferritic support along the catalytic coating (Fig. 9).

As it is observed in Table 2, the calcination of the plates
otably increases the surface roughness due to the formation of
he oxide layer that favors the anchoring of the catalyst, as pre-
iously analyzed. The addition of the catalytic layer through the
mmersion of the calcined plate into the slurry suspension five
imes (Au/TiO2(5)/P catalyst) slightly modifies the surface rough-
ess, whereas a notable increase in roughness up to 0.59 �m is
bserved after ten coatings (Au/TiO2(10)/P catalyst).

The oxide scale generated after the calcination of the plate
mainly composed of Al2O3) exhibits an excellent adherence to the

onolith walls since it presents no weight loss after the adherence
est. In a similar way, the adherence of the catalytic coating to the

etallic substrate is very good, both monoliths, Au/TiO2(5)/M and
u/TiO2(10)/M, retaining 89 and 98 wt.% of the weight of catalyst

nitially deposited, respectively.

.3. Catalytic oxidation test

The light-off curves (Fig. 10) indicate that the Au/TiO2 cata-
yst oxidizes CO at room temperature (CO conversion = 6.5%), being
50% = 143 ◦C. The powder catalyst exhibits slight higher activity
fter its first run (T50% = 131 ◦C), reaching 100% CO conversion at
00 ◦C.

For the structured catalysts, practically no activity is observed
or the monolith calcined at 900 ◦C. In the first run, both
u/TiO2(5)/M and Au/TiO2(10)/M monoliths present a lower
ctivity than the powder catalyst, the CO conversion at room tem-
erature being lower than 2% and the T50% = 219 ◦C and 209 ◦C,
espectively. This behavior could be related to the higher aver-
ge size of gold particles determined by SEM (9 nm)  for the
u/TiO2 + Al2O3 slurry, compared to the 4 nm determined for the
u/TiO2 catalyst. However, once activated, the monoliths show
 noticeable increase in activity, greatly surpassing the powder
atalyst results. At room temperature the conversion is 26.5% for
u/TiO2(5)/M and 38% for Au/TiO2(10)/M. The 100% CO conversion

s observed at 187 ◦C and 146 ◦C, respectively.

able 2
urface roughness.

Sample Roughness (�m)

Aluchrom YHf 0.14
P(900) 0.39
Au/TiO2(5)/P 0.41
Au/TiO2(10)/P 0.59
Fig. 10. CO oxidation activity of the powder and monolithic catalysts. First runs
indicated by dashed lines and second runs by solid lines.

The specific reaction rates of the considered catalysts at 80 ◦C
and their turnover frequency values (TOF) (defined as the number of
moles of CO converted per mole of surface gold atom per second) in
the two  reaction cycles measured are shown in Table 3. For the cal-
culation of the TOF, gold dispersions of 37 and 16% were considered
for the Au/TiO2 powder and the monolithic devices, respectively.
These dispersions were based on the assumption of the calculated
average gold particle sizes from SEM and XRD results (3 and 9 nm)
and a mathematical model for cuboctahedral particles [34].

Our Au/TiO2 powder catalyst presents a specific reaction rate
of 1.9 × 10−4 molCO s−1 gAu

−1, and a TOF of 0.10 in the second run.
These values are lower than those normally reported in other stud-
Kozlov et al. [36].
In the first reaction cycle, both monolithic devices present lower

specific reaction rates and TOF values than those of the powder

Table 3
Reaction rates and turnover frequencies calculated at 80 ◦C in the 1st and 2nd ligth-
off  CO oxidation reactions on the considered catalytic devices.

Sample Reaction rate (×104) (molCO s−1 gAu
−1)TOF (s−1)

1st 2nd 1st 2nd

Au/TiO2 1.1 1.9 0.06 0.10
Au/TiO2(5)/M 0.1 7.0 0.03 0.86
Au/TiO2(10)/M 0.4 5.4 0.04 0.67
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ample. However, in their second cycle, these values significantly
ncrease, reaching TOF values 7–9 times higher. An increase of the
eaction rate with the number of cycles was also reported by Ham-
er  et al. [22] for the Au/TiO2 carbon-carbon composite structure

atalyst, which they assigned to the changes on the catalyst surface
s a function of the type of the applied heating - Joule effect. How-
ver, in external heating mode the activity of the samples basically
epends on the atmosphere of activation, heating rate and final
emperature, as reported by Park and Lee [37]. However, when the
onditions of activation are the same, some other factors have to
e taken in consideration. In order to elucidate the reason for the
ctivation of these systems, it is convenient to go back to GD-OES
esults. The calcination of the Aluchrom plate generates an oxide
cale (mainly composed of Al2O3) and after the catalytic test, Fe
nd Cr oxides are segregated toward the oxide scale. However, as
een in Fig. 10,  these chromium or iron oxides practically do not
ontribute by themselves to the catalytic properties shown by the
onoliths.
On the other hand, the GD-OES study also demonstrates that,

fter the CO oxidation reaction, the scale thickness increases (from
.5 to 3 �m for Au/TiO2(10)/P) and the composition changes (Fig. 9).
i and Mn  appear more exposed and thus, the observed activation
f the structured gold catalysts could be related to the segregation
f Ni and Mn  oxides which, together with the surface presence of
hromium and iron oxides, could help to activate the gold species
r even catalyze by themselves the CO oxidation due to their rec-
gnized oxidation and redox properties. All these factors lead to
he increase in the specific activity of the exposed gold parti-
les, which becomes more evident in the Au/TiO2(5)/M devices,
here the thinner catalytic layer deposited onto the metallic walls

avors the diffusion and transport phenomena of reactants [24].
ulushev et al. [21] also found that the addition of iron oxide
as beneficial for the Au dispersion and catalytic activity. In this

ontext and as found in the literature [24], the migration of iron
pecies to the surface cannot be fully discarded. A detailed operando
RIFTS study is currently under way in order to clarify this
oint.

. Conclusions

The applied washcoating procedure allowed us to deposit a
owder of Au nanoparticles supported on TiO2 over ferritic stain-

ess steel monoliths. The catalytic layer resulted well adhered to the
etallic support, which was previously calcined in order to increase

he roughness of the surface in order to favor the anchoring of the
atalyst. The formed Al2O3 whiskers at the outer surface increase
he chemical affinity of the monolith walls to the colloidal alumina
sed as additive during the washcoating process. Increasing the
umber of immersions of the monoliths into the slurry results in

ncreasing thicknesses of the catalytic layer (to ca. 2.5 �m thick after
0 immersions). The subsequent calcination of the structured cat-
lysts causes the diffusion of elements constituent of the metallic
onolith into the catalytic layer, resulting in a scale mainly com-

osed of Al, Ti, Au, Ni and Mn.  The scale composition somehow
iffers from that of Au/TiO2(5)/P and Au/TiO2(10)/P, which indi-
ates that not only the number of immersions of the monoliths
nto the slurry affects the scale composition but also the drying
nd calcination steps.

The Au/TiO2 powder catalyst, in which gold particles are
f nanometric size, resulted active toward the CO oxidation
eaction. Nevertheless, the structured catalysts demonstrated

o be more active in the studied reaction than the powder
atalyst since after calcinations, and moreover under reaction
onditions, some elements (mainly Ni and Mn)  constituting the
etallic monolith diffuse into the catalytic layer, enhancing

[

[

ience 270 (2013) 169– 177

the catalytic features of Au/TiO2 catalyst for the oxidation of
CO.
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