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Monolithic CeO2 and Au/CeO2 catalysts were prepared using austenitic stainless steel (AISI 304) as metal-
lic substrate. Both monolithic and powdered catalysts were characterized before and after CO oxidation
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reaction by N2 adsorption–desorption, XRD, SEM, TEM and GD-OES. Catalyst deposition on the stainless
steel surface results in modifications of the catalyst, the oxide scale and the oxide scale/alloy interface
through the interaction between the coating and the steel oxidation layer. Besides this, oxidation of the
alloy is also detected. The extension and nature of these modifications depends on the catalyst nature,
and on the reaction conditions. As a result of these modifications CO oxidation on Au/CeO2 catalysts is

e dyn
old catalysts
O oxidation

enhanced and gold surfac

. Introduction

During the last decades a growing interest in structured cat-
lysts and reactors has developed, among these are monolithic
atalysts. These are continuous unitary structures containing many
arrow parallel channels [1,2]. These are a valuable alternative
o conventional fixed beds and slurry catalytic reactors elimi-
ating most of the drawbacks associated to these. Catalytically
ctive ingredients are dispersed uniformly over the metallic or
eramic monolithic. Metallic monoliths show some advantages
ver ceramic ones such as higher thermal conductivity, lower heat
apacities and greater thermal and mechanical shock resistance
2]. Moreover, they can be made with thinner walls than their
eramic counterparts, resulting in a lower pressure drop for the
ame cell density and a higher contact surface area per unit of vol-
me, which provides more effective conversion. The most popular
ethod to coat monolithic structures is washcoating. The ultimate

oal of the process is to load the monolith with a certain amount
layer of the catalytically active phase homogeneously dispersed

nd strongly adhered onto the monolith walls. However, the non-
orous nature of metal substrates together with thermal expansion
ismatch between the metal and the washcoat results in lack

f adherence during thermal cycling. Therefore, coating of metal-

ic monoliths is more complex than coating of ceramic ones. For
mproving adherence a suitable thermal treatment of the metallic
urface is required. We have already carried out an extensive study
f the oxidation layer (oxide scale) formed on austenitic stain-
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less steel (AISI 304) monoliths upon thermal treatment [3,4] and
used, this alloy, as an alternative to conventional Al-alloyed fer-
ritic stainless steel monoliths [2,5,6] to deposit catalysts. Thermal
treatment of the AISI 304 monolith in synthetic air at 900 ◦C for 1 h
oxidizes the alloy surface in a controlled way generating an adher-
ent, rough, thermal and mechanically resistant oxide layer, which
results appropriate to adhere catalysts.

However, the nature of the oxide layer may affect the monolith
catalytic properties, since the alloy scale elements could present
catalytic properties by themselves [7] or act as dopants of the
deposited catalytic layer. On the other hand, the physico-chemical
properties of the scale might be affected by the presence of the so-
called reactive elements (REE), i.e. cerium, in the catalytic layer.
It has been evidenced that cerium deposited on stainless steels
surfaces migrates to the alloy/scale interface affecting the charac-
teristics and properties of the oxide scale layer [8–10] whatever
the deposition method: pyrolysis of aerosols, ion implantation,
immersion in cerium nitrate or sol–gel oxide precursor solutions
[8,11–13].

In this work we try to elucidate the modifications of both the cat-
alyst and the oxidation layer when coating on a metallic substrate
is done. These changes may affect the activity and selectivity of the
catalytic devices. Moreover, progress of these modifications may
occur under reaction conditions altering catalytic properties upon
time. CeO2 and Au/CeO2 based catalysts are used as model systems
in this study. Gold-based catalysts are known by their high activity

towards oxidation reactions, especially CO oxidation at low tem-
perature [14–21]. In these catalysts, the influence of the nature of
the support and the gold particle size has been described as key fac-
tors for the activity of the systems. However, the nature of the active
site (gold oxidation state) and its modification along the course of

dx.doi.org/10.1016/j.cej.2010.07.005
http://www.sciencedirect.com/science/journal/13858947
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Table 1
Composition of the commercial EN-1.4301 austenitic stainless steel (Fe balance).
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calcined. The mass difference of the sample before and after the
ultrasonic test was used to measure the adherence. The adherence
is defined as the ratio of retained amount of the catalytic layer to the
amount of the deposited catalytic layer expressed as percentage.
Element (wt.%) Cr Si C Mn Cu

AISI 304 18.4 0.44 0.064 1.45 0.23

he reaction are still under discussion. In the case of gold-based
tructured catalysts (monoliths and/or microreactors) no studies
oncerning to the possible modification of the catalytic layer due
o the interaction of the metallic substrate and the catalytic deposit
as been published to the best of our knowledge.

Using the catalytic CO oxidation as a test reaction the role of
he catalyst-oxidation layer of the metallic substrate interaction
s studied. It is demonstrated that stainless steel coated Au/CeO2
atalysts stand comparison with the powdered ones. The modifi-
ation induced by the metallic elements present on the oxide scale
nhances the activity of the catalyst and the surface dynamics of
u/CeO2 catalysts.

. Experimental

.1. Preparation of the structured support

The metallic substrates were commercial EN-1.4301 austenitic
tainless steel sheets (Goodfellow, 50 �m thick) with the composi-
ion shown in Table 1.

Before the pretreatment, 24 cm × 3 cm foils were cleaned with
ater and soap, thoroughly rinsed with water and acetone, and
nally dried at room temperature. Before any further treatment
he metallic foils stand in air for 24 h for passivation. Monoliths
ere manufactured by rolling up corrugated and flat foils around
spindle. The final monoliths are cylinders 30 mm height and

6 mm diameter, with 240 cm2 geometric surface area and a cell
ensity of 55 cell/cm2. These monoliths were submitted to a ther-
al treatment (900 ◦C, 60 min) in 10 ml min−1 flow of synthetic air

Air Liquide, 99.999 pure, <3 ppm H2O) to create an oxide scale
n the base alloy with the adequate physical parameters (rough-
ess, homogeneity and adherence) for anchoring the washcoated
atalysts [3,22].

.2. Catalyst coating deposition

Colloidal solutions with 10 wt.% solids content were prepared
y adding the adequate amount of distilled water to a commer-
ial CeO2 colloid (Nyacol CeO2 ACT) to deposit the catalytic ceria
ayer on the structured support [3]. Commercial ceria colloid con-
ains 20 wt.% CeO2 and acetate as counter ion (0.4 mol/mol) [3]. The
dequate amount of the metallic gold precursor (gold acetate, Alfa
esar 99.99% pure) to obtain a 1 wt.% gold concentration in the final
olid was mixed with the colloidal dispersion in the absence of light
or preparing Au/CeO2 catalysts [4,23]. Gold acetate is used instead
f the popular chloroauric acid as gold source since chloride ions
ttack the stainless steel surface causing pitting [17,24] and it is
ufficiently soluble in the solution based on colloidal ceria acetate.
he prepared colloidal dispersions had a viscosity of 3.0 cp and a
nal pH of 3.0. This low pH is far away from CeO2 particles IEP,
hich was measured to be 7.0, ensuring the stability of the colloids
uring the deposition procedure.

The oxidized monoliths were immersed into the colloidal dis-
ersion for 1 min and then withdrawn at 3 cm h−1 constant rate. To

void the obstruction of the channels of the monolith, the colloid
xcess was removed by centrifugation at 400 rpm for 10 min. After
hat, the monoliths were dried by freeze-drying for 4 h and finally,
alcined at 300 ◦C for 4 h with a heating ramp of 2 ◦C min−1. This
rying and calcination procedure has been shown as optimal for
N Mo P S Co V W

0.057 0.25 0.03 0.001 0.2 0.13 0.15

avoiding crack phenomena and obtaining a homogeneous and well-
adhered catalytic layer [3,25]. The amount of washcoated catalyst
was measured weighting the monolith before and after the coating
procedure. Three successive coating, drying and calcination cycles
were repeated until ∼100 mg of loaded catalyst was achieved.

2.3. Powder catalysts

Powder catalysts were obtained by drying at 80 ◦C and further
calcining for 4 h at 300 ◦C the corresponding colloidal dispersions.

2.4. Characterization techniques

X-ray diffraction (XRD) analysis was performed on a D500
Siemens diffractometer. Diffraction patterns were recorded using

Cu K� radiation (� = 1.5404 ´̊A) over a 20–80◦ 2�-range using a
position-sensitive detector with 0.05◦ step size at a scan rate of
1◦ min−1.

The textural properties were studied by N2
adsorption–desorption isotherms at liquid nitrogen tempera-
ture in a Micromeritics ASAP 2020 apparatus between 0.1 and
0.995 relative pressure using a homemade cell that allows analyz-
ing the complete monolith. Before analysis, the monoliths were
degassed for 2 h at 150 ◦C in vacuum. Pore size distribution was
calculated using the BJH method.

Scanning electron microscopy (SEM) observations were carried
out in a JEOL 5400 microscope. SEM analyzed cross-sections of
the pre-treated monoliths. Before analysis monolith cross-sections
were Pt coated in a Sputter Coater TELSTAR EMITECH K-550 and
then a thick Ni layer was electrolytically grown in order to protect
the catalytic layer/oxide scale during grounding and polishing.

The ultrasonic method was selected to evaluate the adherence
of the catalytic layer to the metallic substrate [3,26]. The mono-
liths were immersed in acetone and then submitted to an ultrasonic
treatment in a Cole Parmer ultrasonic bath (47 kHz and 130 W) for
60 min at room temperature. After that, the samples were dried and
Fig. 1. XRD of monolithic catalytic devices. Symbols: (*) CeO2, (D ) Cr2O3, (@)
Mn1+xCr2−xO4−x , (&) austenite, (#) martensite and (Au) gold.
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area and pore volume considering just the catalyst loadings results
in 100 m2/g (Vp = 0.130 cm3/g) and 121 m2/g (Vp = 0.113 cm3/g) for
CeO2 and Au/CeO2 catalysts, respectively. The catalyst adherence
Fig. 2. (A) N2 adsorption–desorption isotherm

Roughness was measured with a Mitutoyo SJ-201P surface
oughness tester.

In-depth compositional analysis of both the oxide scale and the
atalytic layer were determined by Glow Discharge Optical Emis-
ion Spectroscopy (GD-OES) experiments using a LECO GDS 750A
pectrometer. 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
very case a 4 mm area was analyzed ensuring average macroscopic
nformation of the analyzed layers.

Inductively coupled plasma optical emission spectroscopy (ICP-
ES) using a Perkin-Elmer Optima 3000DV ICP spectrometer was
sed for measuring gold loading in the deposited catalyst. The
old amount present in the colloidal dispersion before and after
he washcoating process is used for calculating gold loading in the

onolithic device. X-ray fluorescence spectrometry (XRF) using a
iemens SRS 3000 sequential spectrophotometer with a rhodium
ube as the source of radiation was used for determining gold con-
ent of powdered catalysts. XRF measurements were performed
nto pressed pellets (sample included in 10 wt.% of wax).

Transmission electron microscopy (TEM) observations were
arried out in a Philips CM200 microscope working at 200 kV. The
amples were dispersed in ethanol by sonication and dropped on a
opper grid coated with a carbon film.

.5. Activity measurements

Carbon monoxide oxidation reaction was carried out in a con-
entional continuous flow U-shaped glass reactor working at
tmospheric pressure. The composition of the inlet and outlet gases
as analyzed with a Balzers Omnistar Bentchtop mass spectrome-

er with capabilities for quantitative analysis. The light-off curves of
O oxidation (300 ◦C, 5 ◦C min−1) were obtained with a gas mixture
ontaining 3.4% CO and 21% O2 balanced by He at a total flow rate
f 42 ml min−1. Empty reactor (without sample) shows no activity
nder these conditions. For best comparing powdered and mono-

ithic catalysts the mass of catalyst and volume of the catalytic bed
as kept the same. Catalytic tests using powered catalysts were

arried out using a 6 cm3 crushed glass beads (∼200–400 �m) in
hich ∼100 mg of catalysts was diluted. Both monoliths and pow-
ers were pre-activated “in situ” at 300 ◦C for 60 min with 21% O2 in
e at a flow of 30 ml min−1 and then stabilized at room temperature
efore the light-off curved started.

. Results

.1. Structured supports
Upon thermal treatment in synthetic air flow at 900 ◦C for
0 min a homogeneous and well-adhered oxide layer is formed
ver the stainless steel surface. Our group has already reported a
omplete characterization of such oxide layer [3–5]. This is mainly
(B) pore size distribution of coated monoliths.

composed of Cr2O3 and Mn1+xCr2−xO4−x spinel-type compounds
with irregular shaped crystals and sizes ranging from 0.1 to 0.5 �m
[3,22,25]. Mn1+xCr2−xO4−x is generated in the outermost part of the
scale and Cr2O3 remains in the innermost one. The thickness of this
oxide scale was estimated from the cross-section of the monolith
in SEM micrographs to be 0.65 �m. In-depth profile composition of
the oxide scale measure by GD-OES showed a structured sequence
of layers.1 The GD-OES measured total scale thickness was ca.
0.7 �m in close agreement with SEM results. The scale is composed
of a 0.24 �m thick outer layer where Cr and Mn oxides are the domi-
nant species, although it is enriched in iron species in the outermost
surface. Underneath this layer, the oxide scale is mainly chromium
oxide [3,22]. At the scale–alloy interface a phase mostly composed
of silicon and oxygen is detected. Due to the formation of the oxide
layer after heating, the roughness of the metallic surface increases
from 0.5 to 1.3–1.4 �m. BET surface area of pre-treated AISI 304
steel monoliths is lower than 1 m2 monolith−1.

3.2. Monolithic catalytic devices

The ICP-OES analyses of the colloidal dispersions after the depo-
sition procedure only indicate the presence of gold and cerium
species, ruling out lixiviation of metallic elements from the metal-
lic surface. Gold loading is measured to be 0.84 wt.% Au quite close
to the target value of 1.0 wt.%.

XRD patterns of the ceria-deposited monolithic devices show
besides the characteristics peaks of the pre-treated metallic surface,
diffraction lines corresponding to CeO2 (cerianite, JCPDS = 34-
0394), Fig. 1. An additional diffraction line at 2� = 38.1◦ is observed
for Au/CeO2 catalysts deposited on stainless steel monoliths, this
line being characteristic of the (2 0 0) plane of metallic gold
(JCPDS = 4-0784). Scherrer equation has been used to estimate the
average crystalline domain size of the prepared catalysts; ceria
crystal sizes are calculated to be 12 and 7 nm for ceria and gold/ceria
monoliths, respectively. The average crystal size of gold particles in
gold/ceria monoliths was estimated in 21 nm.

The main surface characteristics of the prepared mono-
lithic catalysts coated by CeO2 and Au/CeO2 obtained from N2
absorption–desorption isotherms (Fig. 2) are shown in Table 2.
The isotherms correspond to typical mesoporous materials having
average pore radius of 41 and 53 Å for CeO2 and Au/CeO2 cat-
alysts, respectively. BET areas of the complete monoliths are 10
and 13 m2 for ceria and gold/ceria ones. An estimate of the surface
was excellent (∼99%) in both monoliths. The theoretical average

1 Top view and cross-section SEM images as well as GD-OES results of the oxidized
stainless steel surface can be found elsewhere [3].
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Fig. 3. GD-OES of (A) CeO2 and (B) Au/CeO2 monoliths.

Table 2
Textural properties of coated monoliths and powder catalysts.

CeO2 Au/CeO2

Monolith Powder Monolith Powder

Catalyst deposited (mg) 96.8 – 103.4 –
Adherence (%) 99.0 – 98.9 –
SBET (m2 monolith−1) 10 – 13 –
SBET (m2 g catal−1) 100 118 121 125

t
i
a
l
c
m

A
(
t
t
c

Pore volume (cm3 monolith−1) 0.014 – 0.011
Pore volume (cm3 g catal−1) 0.130 0.039 0.113 0.049
Pore diameter (Å) 41 27 53 29

hickness of the catalytic layer, ca. 1.05 �m, is calculated accord-
ng to a procedure previously reported [4]. It takes into account the
mount of coating (ca. 100 mg), the total surface area of the metal-
ic sheets used to built a monolith (240 cm2) and the density of the
oating, calculated from ceria bulk density and the pore volume
easured by N2 adsorption–desorption isotherms.
The AISI 304 stainless steel deposited catalytic layers, CeO2 and
u/CeO2, are highly homogeneous as observed by SEM micrographs
figures not shown), being noteworthy the absence of cracks within
he catalytic layers whose composition is confirmed by EDX. In
he gold-containing catalysts the presence agglomerations of gold
lusters, as big as 800 nm, are detected.

Fig. 5. TEM micrographs of powder catalysts
Fig. 4. Oxygen and iron GD-OES analysis of CeO2 and Au/CeO2 monolithic catalysts.

GD-OES allows estimate the oxide scale thickness estimated
through oxygen in-depth profile. The average thickness is ca. 1 �m
for CeO2 and Au/CeO2 monoliths, Fig. 3. This value closely agrees
with the calculated theoretical average thickness. The oxide layer

upon catalyst deposition is ∼300 nm thicker than the original oxide
scale, however, there is not a sharp interface between the catalyst
and the oxide scale but cerium penetrates deep in the oxide layer
reaching the oxide–alloy interface, although cerium concentration

extracted from the Au/CeO2 monolith.
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s higher in the outermost part of the oxide layer. Moreover, a mod-
fication of the composition and distribution of the oxide scale with
espect to that of the uncoated monolith is observed.

The GD-OES profiles of the CeO2-coated monolith (Fig. 3A) and
u/CeO2 monolith (Fig. 3B) are rather similar. The main difference
re the iron oxidation and the diffusion from the alloy bulk to the
urface in the case of Au/CeO2 monolith. Although the thickness
f the oxidation scale calculated from the oxygen concentration
s almost the same in both CeO2 and Au/CeO2 samples (around
.0 �m), the chromium depletion is hardly observed in the gold cat-
lyst. Therefore, the bulk concentration of iron is reached at around
.0 �m in CeO2 monolith and at 1.3 �m in Au/CeO2 monolith, Fig. 4.

The average gold particle size is 11 nm although the particle
ize distribution is quite heterogeneous; this value is estimated
rom TEM images of catalyst powders extracted from the Au/CeO2

onolith (Fig. 5).

.3. Powder catalysts

Textural properties of the catalysts are reported in Table 2. The
sotherms correspond to typical mesoporous materials with aver-
ge pore sizes of ca. 27 Å. The Au/CeO2 catalyst has higher SBET and
ore diameter than CeO2 catalyst. The expansion of the mesoporous
tructure of the support since the introduction of gold particles has
een early reported [6,7,22].

The XRD patterns of the solids (Fig. 6) show diffraction lines
orresponding to cerianite (CeO2). The ceria crystallite size was cal-
ulated to be 6.0 and 6.3 nm for CeO2 and Au/CeO2, respectively. In
ddition, Au/CeO2 shows peaks assigned to metallic gold with an
verage crystallite size of 21 nm. In this sample, the average gold
article size determined from TEM micrographs was 28 nm (Fig. 7)
nd the gold loading measured by XRF was 0.88 wt.%, very close to
he intended content.
.4. Catalytic test

The pre-treated AISI 304 steel monolith does not show activity
n the CO oxidation at temperatures below 300 ◦C. CO conversion
tarted at 400 ◦C being below 5% at 500 ◦C (not shown).

Fig. 7. TEM micrographs of Au
Fig. 6. XRD patterns of the powder catalysts. Symbols: (*) CeO2 and (Au) gold.

CO light-off curves of the prepared monolithic and powder cata-
lysts are shown in Fig. 8. The catalytic activity of the ceria catalyst is
lower than those obtained for the support deposited on the mono-
lithic substrate. The CeO2 powder reaches 40% CO conversion at
300 ◦C, while the ceria-coated monolith shows total conversion at
this temperature. The higher catalytic activity of the monolithic
device may indicate the influence of the oxide scale form on AISI
304 stainless steel on ceria catalytic activity. This must be related
to the presence of transition metal atoms coming from the oxide
scale of the stainless steel treated surface [4,7]. The metal content
of the stainless steel wastes used for preparing ceramic foams has a
positive influence in the activity of gold-supported catalysts coated
on these ceramic foams [7]. This behaviour, also reported in other
stainless steel supported gold catalysts [4] put in evidence that
transition metal atoms present in the oxide scale are active centers
for the CO oxidation reaction.

As expected the presence of gold highly enhances the catalytic
activity of the catalysts in the CO oxidation reaction. Complete

◦
CO conversion is achieved at low temperatures (ca. 110 C) in
both powder and monolithic device. The CO oxidation activity is
mainly due to gold sites, therefore, differences between the activ-
ities obtained for the powder and monolithic catalysts is hardly
observed.

/CeO2 powder catalysts.
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Fig. 8. Conversion of CO using powder and monolithic catalysts: (A) CeO2 and (B) Au/CeO2 catalysts.

F

3

3

l
i
e
a
i
m
A
d
m
f
t
A
o
t
S
t
a

ig. 9. XRD pattern of fresh and reacted Au/CeO2 monoliths. Symbol: (*) CeO2.

.5. Reacted catalysts

.5.1. Monolithic devices
Crystalline phases remains unchanged in the reacted mono-

ithic catalysts as evidenced by XRD patterns; however, changes
n the relative intensity of characteristic diffraction peaks of
xisting crystalline phases with respect to the fresh catalysts
re observed. Diffraction lines corresponding to cerianite phase
ncrease their intensity in the reacted monoliths, becoming the

ost intense diffraction lines in the XRD pattern of the reacted
u/CeO2 monolith (Fig. 9). Besides this, the intensity of the
iffraction lines responsible for the austenite/martensite ratio is
odified after reaction (Fig. 10). This ratio increases, after reaction,

or the uncoated monolith. This indicates that the recovery of
he chromium-depleted region of the alloy remains constant for
u/CeO2 and decrease for CeO2 ones resulting in turn in widening

f the chromium-depleted region of the alloy. On the other hand,
he average crystallite size of ceria and gold, estimated using the
cherrer equation, does not appreciably change with respect to
hose measured for fresh monoliths (ceria. 13 and 7 nm for CeO2
nd Au/CeO2, respectively; gold: 19 nm).

Fig. 11. GD-OES results of the monoliths after rea
Fig. 10. Normalised XRD austenite/martensite ratio in monolithic catalysts. Fresh
monoliths (solid lines) and reacted monoliths (dash lines).

The GD-OES results show that the oxide layer of the monoliths
grows after reaction (Fig. 11). The oxide scale thickness, calculated
from the oxygen concentration, was 1.8 and 1.3 �m for the ceria and
gold/ceria reacted monoliths, respectively. This thickness growth
is responsible for the intensity increase of the ceria phase in the
XRD patterns. Moreover, a modification of the oxide scale profiles
is produced after reaction. Cerium migrates to the inner part of the
oxide scale; silicon is detected in the outer surface and chromium
and manganese distribution in the oxide scale changes. In the case
of the gold catalysts, iron continues being present in the external
surface layer.

The average gold particle size calculated from TEM analysis of
the powder catalyst extracted from the reacted Au/CeO2 monolith
was 16 nm.
3.5.2. Powder catalysts
The XRD patterns of the reacted catalysts are shown in Fig. 12. As

for the fresh catalysts, only peaks due to cerianite and metallic gold
are present. From the Scherrer equation, ceria crystallite size was
calculated to be 6.1 and 6.0 nm for CeO2 and Au/CeO2, respectively.

ction coated by (A) CeO2 and (B) Au/CeO2.
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ig. 12. XRD pattern of fresh and reacted Au/CeO2 powders. Symbols: (*) CeO2 and
Au) gold.

old particles are estimated to have an average crystallite size of
2 nm while the average metal particles size determined from TEM
icrographs was 35 nm (not shown).

. Discussion

Success of metallic structured reactors depends on the forma-
ion of homogeneous, uniform and well-adhered catalytic layers
n the metallic surface. As these surfaces show low adherence of
he ceramic materials often used as catalysts, a suitable treatment
f the metallic substrate is required to improve this adherence. In
he case of AISI 304 austenitic stainless steels, a thermal treatment
nder synthetic air at 900 ◦C for 1 h is suitable [3]. In these condi-
ions, 0.7 �m of an oxide layer composed mainly of manganese and
hromium oxides (Mn1+xCr2−xO4−x, Cr2O3) is developed. A contin-
ous Si interface is also formed between the oxide scale and the

etallic alloy. This silicon-containing layer affects the diffusion of

r and Fe from the alloy to the oxide scale and acts as a diffusion
arrier for the mobility of cations during thermal oxidation of stain-

ess steels [24,25]. The thickness and composition of the oxide scale
epends on the alloying elements as well as the temperature, time

ig. 13. GD-OES analysis of the distribution of O and Fe (top figures) and Ce and Mn (bott
ing Journal 162 (2010) 1082–1090

and atmosphere of pretreatment [6,22]. Therefore, the thermal pre-
treatment must be carefully selected for every metallic substrate to
allow appropriate oxidation of the alloy elements to develop a resis-
tant, rough and homogeneous oxide layer, which could improve
further anchoring of the catalytic phase.

In the present work, colloidal solutions with the adequate com-
position and rheological properties were selected for washcoating
the catalyst onto the metallic monolith. For these processes only
colloidal dispersions were used, even in the case of Au/CeO2 cat-
alyst, allowing good reproducibility and a minor consumption of
time. Upon drying and calcination a homogenous and well-adhered
catalytic layer is obtained. The measured thickness of such layer,
which corresponds with the theoretical value, is similar for CeO2
and Au/CeO2 catalysts, 1.0 �m. As the metallic substrate oxide scale
before deposition is 0.7 �m, the measured thickness means that
the catalytic layer settles covering the empty spaces left by the
polyhedral crystals forming the scale. Moreover, GD-OES reveals
that elements from the catalytic layer, cerium in our case, pene-
trate through the oxide scale reaching the alloy. Besides this, an
alteration of the composition of the oxide scale is also produced,
being detected diffusion of silicon, chromium and manganese to
the surface. The presence of such metallic atoms in the catalytic
layer coming from the oxide scale enhances the catalytic activity
of bare CeO2 powder as can be seen in Fig. 8. We have previ-
ously reported these observations for other systems [4,6,7]. Even
more, it is well known that stainless steel reactors may present wall
effects in many catalytic reactions such as 1,3 butadiene oxidation
[27], selective oxidation of cyclohexane [28], oxidative coupling of
methane [29], olefins oxidation in supercritical CO2 [30], steam
cracking and steam reforming of waste cooking oil [31], among
others. In these papers, it is demonstrated that the surface of the
stainless steel reactor has an effect on the reaction and plays an
active role in some surface reactions, being in general, beneficial to

total oxidation ones.

In our case, the main difference observed on washcoating CeO2
or Au/CeO2 resides in the oxidation and diffusion of bulk iron to the
oxide scale for the gold-containing catalyst, Fig. 4. This effect may
have catalytic implications. In a recent study we have reported the

om figures) on fresh (solid lines) and reacted (dash lines) monolithic devices.
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igh activity of Au/FeOx/CeO2 catalysts for CO total oxidation and
OPROX reactions [32,33]. The Aun+/Au0, Ce4+/Ce3+ and Fe3+/Fe2+

edox couples would be responsible of such high activity. This
bservation, together with the reported possibility of introducing
e in the CeO2 network resulting in a Ce–Fe oxide solid solution
33], could explain the iron migration. The relatively high Au load-
ng and the reduced amount of iron in the outermost part of the
xide layer present in the Au/CeO2 catalysts prevents the obser-
ation of significant differences between powder and monolithic
atalysts in the oxidation of CO.

On the other hand, the diffusion and mixture of elements coming
rom the catalyst and the oxide scale could result in a modification
f the textural properties, crystalline phases, particle sizes and cat-
lytic properties of the catalysts compared to those of the powder
nes. No differences in the crystalline phases or gold particle sizes
re detected, although CeO2 crystalline domain sizes are signifi-
antly higher in the monolithic device.

The characterization of the reacted catalysts evidences their
volution under reaction conditions. GD-OES results reveal a
rowth of the oxide layer thickness and a change in the metallic
toms distribution of the oxide scale. As an example, the in-depth
omposition in O, Fe, Ce and Mn for the fresh and reacted CeO2 and
u/CeO2 monolithic catalysts are depicted in Fig. 13. Although the

hickness of the scale has increased, cerium ions are present in the
hole scale and iron diffuses from the alloy bulk to the oxide scale
hile manganese concentration in the outermost layer decreases.

All these observations confirm the oxidation of the alloy and
he migration of the metallic cations across the scale. As a result
he oxide scale has increased their thickness after reaction. The
ntensity of cerianite diffraction lines is relatively higher than the
ntensity of diffraction lines corresponding to the alloy phases indi-
ating the thickness increase (Fig. 9). Moreover, changes in the
iffraction line intensity fcc/bcc ratio are produced (Fig. 10). The
tainless steel oxide scale formation proceeds by short-circuit dif-
usion processes. In this processes, the alloy surface layers changes
heir composition as a result of outward cation diffusion resulting
n the austenite to martensite transformation [3]. For the reacted
eria monolith the bcc layer is thicker than before reaction. As
tated above cerium ions hinders the outward diffusion of cations
nd only inwards oxide diffusion is responsible for the thickness
ncrease, the selective oxidation of chromium and manganese in
he alloy surface layers results in an increase of the bcc layer thick-
ess [4,6,7]. On the other hand, gold particles nucleate on surface
xygen vacancies of ceria [16] and therefore might migrate together
ith cerium to the alloy/scale interface. Therefore, at the interface

he redox Aun+/Au0, Ce4+/Ce3+ and Fe3+/Fe2+ pairs [32,33] allow the
utward diffusion of cations and the inwards diffusion of anions
esulting in thicker oxide scales but thin bcc layers as evidenced by
he relative intensity of the diffraction lines of these phases, Fig. 10,
nd the sharp edge in iron concentration observed in the GD-OES
rofile, Fig. 11. The beneficial effect of REE elements, cerium among
hem, results in an oxidation behaviour following Wagner’s law, the
xidation rate decrease with the square root of the oxidation time.
his behaviour allows suggesting the composition and thickness of
he oxide layer will hardly change for successive reaction cycles.

We cannot observe, using XRD, new crystalline phases upon
eaction or modifications of the average crystallite sizes of gold or
eria phases for the monolithic catalyst. However, the average gold
rystallite size increased after reaction for the powder sample (from
0 to 30 nm). It is well know that gold crystallite size is a function
f temperature and reaction atmosphere [34]. Usually, gold parti-

les sinterizes upon reaction, although it gold redispersion under
eaction conditions can also occur [16,35]. The different behaviours
f gold particle sizes for powder and monolithic catalysts evidence
different gold surface dynamics in Au/CeO2 catalysts when sup-
orted on the metallic surface. This is probably due to the presence

[

[
[
[
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of metallic cations coming from the metal surface in the catalysts,
and/or changes in the diffusion and transport phenomena of the
reactants in the catalytic layer as can be observed in Fig. 8. In this
sense, it is recently demonstrated that redox processes involving
surface hydroxyl groups, gold atoms, and gas-phase CO molecules
play a determinant role in the surface dynamics of gold particles,
which in turns results after reaction in changes in the gold par-
ticle size [16]. The presence of metallic cations with active redox
couples, such as Fe, could also modify the gold surface dynamics
resulting in different Au particle sizes.

5. Conclusions

This work presents evidences for the modification of the formu-
lation for CeO2 and Au/CeO2 catalysts deposited on stainless steel
surfaces. The diffusion of metallic cations present in the oxide scale
to the catalytic layer and the diffusion of elements from the catalyst
coating to the oxide scale alters the catalyst formulation, resulting
in a modification of the oxide scale/alloy and oxide coating/alloy
interfaces. Moreover, the deposition process favours the oxida-
tion of the alloy. The extension and nature of these modifications
depends on the catalysts nature. Thus, in both catalytic devices,
ceria diffuses through the oxide scale, reaching the alloy/oxide scale
interface, and manganese, iron, chromium and silicon are detected
in the catalytic layer. For Au/CeO2 monolith a migration of iron
from the alloy with the formation of an iron–rich layer is observed
by GD-OES. Characterization of the monolithic devices after CO
oxidation also shows the modification of the catalytic layer after
reaction. These alterations in the catalytic layer have influence in
the catalytic properties, resulting in the enhancement of the oxi-
dation performances of ceria catalysts and modifying the surface
dynamics of gold in the Au/CeO2 ones.
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