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bstract

Selective oxidation of CO in H2-rich stream was studied on iron oxide supported Au catalysts prepared by deposition-precipitation (AuDP) or
oprecipitation (AuCP) and for comparison on commercial gold reference catalyst (AuRef), investigating in detail the effect of catalyst pretreatment
owards the catalytic performance. On AuDP and AuCP samples CO conversion strongly decreased on increasing calcination temperature. On the
uRef sample the influence of calcination was, instead, less evident. On all tested catalysts a higher reduction temperature resulted in a lower CO

onversion, the effect of reduction on catalysts activity exceeding that of calcination. On all samples selectivity towards CO oxidation decreased
ppreciably on increasing reaction temperature. The dependence of selectivity from pretreatment was negligible.

On the basis of characterization data (H2-TPR, XRD, TEM) it was pointed out that, provided gold particles are small enough to be able to activate
O and H2, the catalytic behaviour of the Au/iron oxide system in the PROX reaction is strongly related to the support phase, being sensitive
o the microcrystalline structure and the oxidation state of the iron oxide. CO oxidation activity of different iron oxide species was found in the
rder: ferrihydrite > hematite > magnetite. It was concluded that on Au/iron oxide the PROX reaction occurs through a Mars-van Krevelen type
echanism which involves lattice oxygen of the iron oxide and CO and H2 adsorbed on gold particles.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane (PEM) fuel cells are currently
onsidered among the most advanced systems for energy pro-
uction starting from hydrogen [1]. However, for this application
2 stream must be almost free of CO, in order to avoid poison-

ng of the Pt anode catalyst [2]. When hydrogen is produced by
team reforming of hydrocarbons or alcohols followed by water
as shift reaction, it is still contaminated with around 1% of CO
nd therefore requires further purification in order to abate the
O concentration to below 50 ppm, which can be tolerated by
EM fuel cells. Selective oxidation of CO in H2-rich stream

known as PROX reaction, PReferential OXidation of carbon
onoxide) is regarded as one of the most promising technology

o reduce CO concentration to acceptable levels [3,4]. Several

∗ Corresponding author. Tel.: +39 0957385112; fax: +39 095580138.
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atalysts have been investigated for the PROX reaction, such as
upported Pt [5–10], Ru [5,9], Rh [5,11], Ir [10], Pd [5,9] and
ore recently Au [12–23] and CuO [24–28].
Supported gold catalysts are considered particularly attrac-

ive for PROX in so far as the rate of CO oxidation over Au-based
ystems has been found to exceed that of H2 oxidation, thus
esulting in high selectivity towards the removal of CO in the
resence of excess of H2. The influence of the nature of the metal
xide support on the PROX activity of supported Au catalysts
ave been extensively studied. A wide range of metal oxide
upports, such as Al2O3 [12–17], Fe2O3 [15,16,18,19], TiO2
15–17], CeO2 [15,16,21,22], CoOx [15,16], MnOx [15,16,23],
iOx [15,16], SnO2 [15,16], ThO2 [20], ZrO2 [17], have been, in

act, up to now considered for PROX reaction over gold catalysts.
There is general agreement that CO oxidation over supported
u catalysts follows a scheme where both reactants are bound
o the surface of the catalyst and CO is activated by adsorp-
ion on the gold particles [29–34]. However, different models
n the possible mechanism for oxygen activation have been

mailto:sscire@unict.it
dx.doi.org/10.1016/j.molcata.2007.12.026
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roposed. Some researchers suggest that oxygen adsorption pro-
eeds directly on the gold particles [35–39], the role of the
upport being limited to the stabilization of very small reactive
old particles, for other ones the oxygen adsorption is believed
o occur on the support (or at the metal–support interface), espe-
ially in the nearby of the Au particles [15,16,30,32–34,40–42].

In the last years our group has been involved in investigating
old catalysts for the oxidation of CO [43] and the combustion
f volatile organic compounds [44–46]. We demonstrated that
erformances of Au catalysts are strongly affected not only from
he support used, but also from the preparation method as well
s pretreatment conditions of catalysts.

On these bases we here report a study on the PROX reaction
n gold/iron oxide catalysts, investigating in detail the effect
hat pretreatment conditions play on the performance of these
atalysts towards selective removal of CO in excess of H2 with
he aim to elucidate the changes induced by the thermal pre-
reatment both on the support and the metal and the influence of
hese changes on the PROX activity. In particular two Au/iron
xide samples prepared by us, respectively, by deposition pre-
ipitation (DP) and coprecipitation, and one commercial gold
eference catalyst (Type C, sample no. 10), were used in this
tudy.

. Experimental

Au/iron oxide catalysts were prepared by coprecipita-
ion (sample coded AuCP) or deposition-precipitation (coded
uDP), using HAuCl4 (Fluka) and Fe(NO3)3·9H2O (Fluka) as
recursors. In the case of the coprecipitation (CP) method, an
queous mixture of the precursors was poured at 7.5 ml/min
ate into an aqueous solution of Na2CO3 (1 M and pH 11.9)
aintained at 70 ◦C under vigorous stirring (500 rpm).
In the deposition-precipitation method, after the pH of the

queous solution of HAuCl4 was adjusted to the value of 8
sing 0.1 M NaOH, iron oxide, was added under vigorous stir-
ing (500 rpm) to the gold solution, keeping the slurry at 70 ◦C
or 2 h. Both in CP and DP methods the obtained slurries were
ept digesting for 24 h, washed several times (until disappear-
nce of nitrates and chlorides), then dried under vacuum at 70 ◦C
nd finally ground before use. Iron oxide was prepared by pre-
ipitation from Fe(NO3)3·9H2O following the same procedure
mployed in the coprecipitation method. One gold reference cat-

lyst (Type C, sample no. 10), coded AuRef, was also tested in
he reaction. The gold content of Au/iron oxide catalysts used
n this work was measured by atomic absorption and is reported
n Table 1.

able 1
ode and physicochemical properties of Au/iron oxide catalysts (samples cal-
ined at 200 ◦C and successively reduced at 150 ◦C

Au content (%) Au mean sizea (nm) BET Surface Area (m2/g)

uDP 3.5 3 195
uCP 4.0 8 190
uRef 4.5 4 40

a Evaluated by TEM.
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Catalytic activity tests were carried out in the gas phase at
tmospheric pressure in a continuous-flow microreactor filled
ith catalyst (0.015–0.05 g, 80–140 mesh) diluted with an inert
lass powder. The gas composition (total flow rate: 80 ml/min)
as 1% of CO, 1% of O2, the rest being H2. Before activity

ests, catalysts were calcined (in air) and/or reduced (in H2)
t different temperatures. The effluent gases were analyzed by
online gas chromatograph with a packed column (Carboxen

000) and TCD.
X-ray powder diffraction (XRD) analysis of the samples was

erformed with a Bruker AXS D5005 X-ray diffractometer using
Cu K� radiation. Diffraction peaks of crystalline phases were
ompared with those of standard compounds reported in the
CPDS Data File.

Temperature programmed reduction (H2-TPR) tests were
arried out in a conventional flow apparatus with a TCD detector,
t heating rate of 5 ◦C/min using 5 vol.% H2 in Ar.

Surface area measurements were carried out using the BET
itrogen adsorption method with a Sorptomatic series 1990
Thermo Quest). Before the tests all samples were outgassed
10−3 Torr) at 120 ◦C.

Metallic gold particles were characterized by transmission
lectron microscopy using a TEM JEOL 2010 F instrument,
quipped with the Gatan imagining filter, operating at 200 KeV.
he powdered samples were ultrasonically dispersed in iso-
ropyl alcohol and a few droplets of the suspension were
eposited on a Cu grid coated by a holey carbon film. After
he solvent evaporated, the specimens were introduced into the

icroscope column. The average Au size diameter estimated
y TEM (dTEM) was calculated using the following formula:
TEM = �(nidi)/ni, where ni is the number of Au particles of
iameter di.

. Results

.1. Catalytic activity

Fig. 1 reports catalytic activity results, in terms of conversion
f CO (full lines) and selectivity towards CO oxidation (dotted
ines), defined as the ratio of O2 consumption for the CO oxi-
ation to the total O2 consumption, over investigated Au/iron
xides samples (AuDP, AuCP and AuRef) calcined at 200 ◦C
nd successively reduced at 150 ◦C. No methane was formed in
ll experiments. It must be also reminded that no significant CO
onversion was observed up to 200 ◦C on the pure iron oxide.

From the figure it can be seen that on all three investigated
amples CO conversion increased with increasing temperature
eaching a maximum, which was respectively, 95% for AuDP
t 70 ◦C, 80% for AuRef at 90 ◦C and 45% for AuCP at 140 ◦C,
nd then decreasing at higher temperature. These results point
ut that the CO oxidation activity of Au/iron oxides systems is
trongly affected by the preparation method of catalysts being
n the order: AuDP > AuRef > AuCP.
Selectivity data reported in Fig. 1 show that for each sample
electivity is strongly influenced from the reaction temperature,
he higher the reaction temperature the lower the selectivity.
he observed drop of CO selectivity with temperature agrees
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ig. 1. CO conversion (full lines) and CO selectivity (dotted lines) vs. reaction
emperature over Au catalysts calcined at 200 ◦C and reduced at 150 ◦C. (�)
uDP; (�) AuRef; (×) AuCP.

ith results reported in the literature and it is due to the fact
hat activation energy of H2 oxidation was found to be sensibly
igher than that of CO oxidation [18]. Moreover, this is also
n accordance to the finding that the ratio of surface coverage
etween CO and H (θCO/θH) on gold particles strongly decreases
s temperature increases [47]. It is also important to stress that, at
he same reaction temperature, selectivity resulted to be roughly
ndependent from the level of conversion (see the behaviour
f the AuRef sample reported in Fig. 2). Therefore, it can be
uggested that the higher selectivities observed on AuDP and

uRef samples compared to AuCP are substantially related to

he higher reaction temperatures employed on this latter sample
ompared to the more active AuDP and AuRef samples.

ig. 2. Selectivity towards CO oxidation vs. CO conversion (Treaction = 60 ◦C)
ver AuRef calcined at 200 ◦C and reduced at 150 ◦C.
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Fig. 3 reports the effect of catalyst pretreatment towards CO
onversion for AuDP, AuCP and AuRef samples. In the figures
amples were labelled Cxxx-Ryyy where xxx and yyy are the
alcination and the reduction temperatures (◦C), respectively,
mployed during the pretreatment phase (reduction always fol-
owed calcination). From the figure it can be seen that CO
onversion was strongly dependent on pretreatment conditions
f catalysts. In particular on AuDP and AuCP samples CO
onversion decreased continuously on increasing calcination
emperature. On AuRef the influence of calcination was, instead,
egligible for calcination temperature up to 300 ◦C, becoming
vident only at 400 ◦C.

Fig. 3 shows also that a reductive pretreatment of gold cat-
lysts also affects the activity of tested systems. In particular
higher reduction temperature resulted in a much lower CO

onversion, as it can be easily seen by comparing conversion
urves of samples calcined at the same temperature (300 ◦C)
nd reduced at 150 ◦C and 300 ◦C, respectively. It is noteworthy
hat the effect of reduction on catalytic activity far exceeded that
f calcination.

With regard to the dependence of CO selectivity from cat-
lysts pretreatment data reported in Fig. 4 point out that the
electivity was almost unaffected by calcination or reduction
retreatments, being only related to the reaction temperature
mployed.

.2. Catalysts characterization

The effect of catalyst pretreatment on the nature of Au/iron
xide samples has been studied by XRD. Fig. 5 compares the
pectra of AuDP catalyst after calcination at three different tem-
eratures (200 ◦C, 300 ◦C and 400 ◦C). All samples have been
uccessively exposed to H2 at 150 ◦C.

In all spectra typical reflection of Fe2O3 hematite phase can
e observed. In particular, XRD patterns of the 400 ◦C calcined
ample show all the typical hematite reflection with intensity
atios consistent with polycrystalline hematite powders. Pat-
erns obtained for samples calcined at 200 ◦C and 300 ◦C show
ematite reflection peaks of lower intensity compared to the
00 ◦C calcined sample pointing to a lower cristallinity of low
emperature calcined samples. It is also interesting to note that
n the 200 ◦C calcined samples trace of magnetite phase can
e noted. In fact the presence of a reflection at 43.2◦ can be
ssigned to the (h k l) reflection of the magnetite. In addition,
eak at 35.6◦ showed (compared to 33.2◦ peak) an increased
ntensity with respect to the values expected from JPDF files.
his observation can be explained by the presence of the (h k l)

eflection of magnetite overlapping the reflection of hematite
t 35.6◦. Note that an intermediate situation, in which the
ntensity of peaks 35.6◦ (relatively to that at 33.2◦) is only
lightly higher compared to pure hematite reference powders,
s obtained for a calcination temperature of 300 ◦C. It is note-
orthy that on the 400 ◦C calcined sample a broad peak at
bout 38◦, attributed to metallic gold, can be also observed
48,49]. The average size of gold particles, estimated from
he line-width of this peak by using the Sherrer equation, was
nm.
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ig. 3. Effect of catalyst pretreatment towards CO conversion over (a) AuDP, (
he calcination and the reduction temperatures, respectively, employed during th

Fig. 6 shows the effect of H2 reduction at 150 ◦C and 300 ◦C
n samples obtained after calcination at 300 ◦C. The correspond-
ng patterns obtained for the reference gold catalyst after the
ame reduction treatment have been added for comparison. From
he XRD patterns it is evident that high temperature reduction
auses a relevant phase transformation from hematite to mag-
etite. Note, in addition, that a significant reduction to magnetite
an be observed for the reference sample also at low reduction
emperature (150 ◦C), as shown by the presence of the reflection
t 43.2◦ and by the increased intensity of peak at 35.6◦. By con-
rast, low temperature reduction of the AuDP sample determines
nly a negligible reduction to magnetite.

The effect of catalyst pretreatment on the nature of Au/iron
xide samples has been also studied by H2-TPR. Fig. 7 reports
PR profiles of AuDP (a) and AuRef (b) samples calcined at dif-

erent temperatures. On the AuDP sample calcined at 200 ◦C it is
ossible to observe three main reduction peaks with a maximum
t about 150 ◦C (P1), 230 ◦C (P2) and 630 ◦C (P3). According to
he literature [44,48,50], the two low temperature peaks (P1 and
2) can be attributed to the reduction of Fe2O3 species, respec-
ively, hydroxylated (P1) and not hydroxylated (P2) to Fe3O4
magnetite). The hydrogen consumption related to both peaks,
alculated from the area under these peaks, is in good agreement
ith this attribution. It must be underlined that the Fe2O3 to

3
i
n
a

Ref, and (c) AuCP. Samples were labelled Cxxx-Ryyy where xxx and yyy are
treatment phase.

e3O4 reduction occurs to a much lower temperature compared
o that of the pure iron oxide sample on which this transfor-

ation has been observed at 390 ◦C (P1) and 450 ◦C (P2) [44],
hus indicating that the presence of gold strongly facilitates the
eduction of Fe2O3 species. In what concerns the P3 peak, in
ccordance to the literature, it can be assigned to the further
ransformation of magnetite to FeO [44,48,50]. It is noteworthy
hat on the pure iron oxide sample the P3 peak was found at ca
30 ◦C [44], indicating that the presence of Au does not affect
he Fe3O4 → FeO transformation.

Fig. 7(a) shows that an increase in the calcination temperature
f the AuDP sample leads to a strong decrease in the intensity of
he P1 peak, which appears as a very small shoulder in the 300 ◦C
alcined sample and is practically absent in the 400 ◦C calcined
ample. This behaviour is a consequence of the fact that cal-
ining at higher temperature results in the transformation of the
ydroxylated iron oxide species (ferrihydrite) into less reducible
ron oxide species (hematite) [44,49]. Fig. 7(a) shows also that
alcination causes a shift to higher temperature of the P2 peak
maximum at 250 and 360 ◦C for the AuDP sample calcined at

00 ◦C and 400 ◦C, respectively), which can be attributed to an
ncrease in the cristallinity degree of the iron oxide with calci-
ation temperature as confirmed by XRD (Fig. 5) and surface
rea data (Table 2). The easier reducibility of low temperature



28 S. Scirè et al. / Journal of Molecular Catalysis A: Chemical 284 (2008) 24–32

F b) Au
t he pre

c
s
c

f

F
3
s

P

ig. 4. Effect of catalyst pretreatment towards CO selectivity over (a) AuDP, (
he calcination and the reduction temperatures, respectively, employed during t

alcinated samples is in line with XRD data of Fig. 5, which

howed the presence of higher amount of magnetite on sample
alcined at lower temperatures.

The H2-TPR profiles of the AuRef catalyst calcined at dif-
erent temperatures (Fig. 7b), show the presence of the P2 and

ig. 5. XRD spectra of AuDP samples after calcination at 200 ◦C (spectrum a),
00 ◦C (spectrum b) and 400 ◦C (spectrum c). All samples have been succes-
ively reduced in H2 at 150 ◦C. (� Hematite, * Magnetite, © Gold).
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Ref, and (c) AuCP. Samples were labelled Cxxx-Ryyy where xxx and yyy are
treatment phase.

3 peaks only, whereas the P1 peak is absent. This indicates
hat AuRef, differently from AuDP, does not contain amorphous
ydroxylated species neither if calcined at low temperature. This
ts well XRD data which show that AuRef is more crystalline

han AuDP. Moreover, it can be observed that the shift to higher
emperature of the P2 peak with calcination is much less evident
ompared to AuDP. It must be also stressed that also in this case
3 peak is substantially insensible to catalyst pretreatment.

. Discussion

The catalytic data reported in the present paper show
hat the PROX activity of the Au/iron oxide system strongly
epends from both the preparation method and the thermal pre-
reatment of the catalyst. In what concerns the influence of
he preparation method the activity order observed, for sam-
les calcined at 200 ◦C and successively reduced at 150 ◦C,
as AuDP > AuRef � AuCP. The influence of the preparation

ethod on the catalytic performance of Au/iron oxide catalysts

owards several reactions has been reported in literature [51].
n our case the much lower activity of the AuCP sample can
e justified considering the higher mean size of gold particles
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Fig. 6. XRD spectra of (A) AuDP and (B) AuRef samples calcined at 300 ◦C
and reduced in H2 at 150 ◦C (spectrum a) and 300 ◦C (spectrum b). (� Hematite,
* Magnetite).
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Fig. 7. TPR profiles of (a) AuDP and (b) AuRef samples calcined at different tempera
employed during the pretreatment phase.

Table 2
Effect of calcination temperature on the BET surface area of investigated samples

Surface area of samples calcined
at 200 ◦C (m2/g)

Surface
at 300 ◦

AuDP 195 170
AuCP 190 150
AuRef 40 40
ysis A: Chemical 284 (2008) 24–32 29

etected on this sample (8 nm) compared to that of AuDP (3 nm)
nd AuRef (4 nm). In fact, according to Haruta [38] gold shows
good activity only if Au particles are <5 nm.

Taking into consideration the influence of thermal pretreat-
ent of catalysts, data here reported show that the activity

owards CO conversion is influenced by the pretreatment tem-
erature both in oxidating (air) and in reducing (hydrogen)
tmosphere. In particular on AuDP and AuCP samples the
igher the calcination temperature, the lower the CO conversion,
he detrimental effect being more evident when the calcina-
ion temperature exceeded 300 ◦C. On the AuRef sample the
nfluence of calcination was, instead, noticeable only when cal-
ination was carried out at 400 ◦C being anyway much lower
han on AuDP. This behaviour can be rationalized considering
hat AuRef was prepared according to the Haruta procedure,
.e. by coprecipitation followed by high temperature calcination
38]. With regard to the effect of the pretreatment in reducing
tmosphere, catalytic results showed that on all tested catalysts
higher reduction temperature resulted in a lower CO conver-

ion, the effect of reduction on catalysts activity exceeding that
f calcination.

Characterization experiments carried out on Au/iron oxide
atalysts at different calcination and reduction temperatures
imed to elucidate the changes induced by the thermal pre-
reatment on the support and the metal and influence of these
hanges on the catalytic activity towards PROX reaction. XRD

rofiles of the AuDP catalyst calcined at 200 ◦C or 300 ◦C have
hown that the sample has a structure with a low cristallinity
ith the presence of some Fe2O3 hematite phase. In accordance

o the preparation method it can be supposed that most part of

tures. Samples were labelled Cxxx where xxx are the calcination temperatures

area of samples calcined
C (m2/g)

Surface area of samples calcined
at 400 ◦C (m2/g)

80
75
35
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ron oxide is present as amorphous ferrihydrite [45,48,49]. The
bsence in the 200 ◦C and 300 ◦C calcined AuDP samples of
eaks due to gold can be probably justified considering that the
reparation method used leads to gold particles with a mean
article size of 3 nm ca. (see Table 1), which is smaller than
article sizes detectable by XRD [35,52]. At higher calcination
emperature (400 ◦C) hematite is the prevailing crystallographic
hase of the AuDP sample indicating that a phase transition
f the iron oxide mainly occurs between 300 ◦C and 400 ◦C.
his is in agreement with the results reported in the literature
y several authors [31,45,48,49,53] and fits also well the BET
urface area values reported in Table 2. In fact, the surface area
f AuDP was found to decrease on increasing calcination tem-
erature (being 195, 170 and 80, respectively, on the 200 ◦C,
00 ◦C and 400 ◦C calcined sample). It must be also noted that
n the 400 ◦C AuDP calcined sample a diffraction peak related
o the presence of metallic gold (with an estimated mean size
f 6 nm ca.) was found. On the basis of these observations it
an be stated that high calcination temperatures lead both to a
hange in the iron oxide phase and to an enlargement of gold
articles [45,54,55]. According to reaction mechanisms reported
or PROX reaction [15,16] both these effects can be claimed
o explain the remarkable drop of the CO oxidation activity
bserved when Au/iron oxide samples were calcined at high
emperatures (400 ◦C). Effectively our research group has pre-
iously reported that the catalytic behaviour of the Au/iron oxide
ystem in several reactions, such as CO and VOC oxidation, is
elated both to the gold state and/or the iron oxide phase [43–46].
owever, it is noteworthy that a pretreatment in reducing atmo-

phere negatively affected the CO conversion of all samples. The
ffect of reduction on catalysts activity was much stronger for
uDP and AuRef samples than for AuCP, in any case exceeding

or all samples that of calcination. In this case characterization
ata (XRD and TPR) showed that high temperature reduction
300 ◦C) caused on all samples a chemical transformation of the
ron oxide from ferryhydrite/hematite into magnetite. On the
ontrary the reduction pretreatment did not seem to affect the
imension of gold clusters, which remained substantially of very
mall size, as confirmed by the lack of the Au peak in the XRD
pectra of both 150 ◦C and 300 ◦C reduced samples. Therefore,
t can be inferred that the strong decrease in the CO oxidation
ctivity observed when Au/iron oxide samples were reduce at
00 ◦C is strictly related to the change in the status of the sup-
ort, magnetite (Fe3O4) being much less active than hematite
Fe2O3). A higher activity of hematite compared to magnetite
n the CO oxidation has been already reported in the literature
56,57].

TPR experiments here reported showed that on Au/iron oxide
strong interaction between gold and iron oxide occurs. Gold

trongly enhances the reducibility of iron species favouring
ssentially the reduction of Fe2O3 to Fe3O4. It is highly proba-
le that the presence of gold causes a decrease in the strength of
he Fe–O bonds located nearby the gold atoms thus leading to

higher lattice oxygen mobility [44,45,48]. From the compari-

on of TPR and XRD data here reported one can also infer that
ydroxylated iron oxide species (ferrihydrite) are more reducible
han hematite, thus indicating that lattice oxygen of hematite has

a
c
o
i

lysis A: Chemical 284 (2008) 24–32

lower reactivity/mobility compared to that of ferrihydrite. This
s in good agreement with catalytic activity results reported in
his paper, the higher calcination temperature the lower CO con-
ersion activity. A further confirm derives from the observation
hat the activity of the AuRef sample, on which the amount of
errihydrite was very low already on low temperature calcined
amples, was much less affected by the calcination pretreatment
ompared to AuDP and AuCP samples.

These data support the hypothesis that on the Au/iron oxide
ystem the PROX reaction occurs through a Mars-van Krevelen
ype reaction mechanism [58,59], which involves active lattice
xygen species of the support reacting with CO adsorbed on
old particles and/or at the metal–support interface. This also
grees with the fact that in the absence of oxygen in the feed
e observed that the reaction proceeds for a very short time and

hen the activity drops to zero. A Mars-van Krevelen mechanism
as been already proposed by Schubert et al. for gold catalysts
upported on semiconductor materials [15,16].

Therefore, it appears clear that the support has a key role in
irecting the PROX reaction over Au/iron oxide. This makes
he catalytic performance highly sensitive toward both the

icrocrystalline structure and the oxidation state of the iron
xide. Our data showed in particular that the activity of CO
xidation of different iron oxide species is in the order: ferri-
ydrite > hematite > magnetite. A positive correlation between
he amount of ferrihydrite and the catalytic activity of Au/iron
xide catalysts in the CO oxidation has been reported [45,60],
errihydrite being proposed as responsible for the activation of
xygen [60].

It is important to stress the fact that the role of the iron oxide
upport is crucial, provided that gold particles are small enough
o be able to easily activate CO. In fact, when the dimension of
old particle increases the activation of CO on gold becomes
o far more difficult and at a certain point presumably the rate
etermining step in the CO oxidation. Only in this case, there-
ore, the status of gold should be determinant in directing PROX
ctivity.

In what concern PROX selectivity of investigated Au/iron
xides samples data reported in Fig. 1 point out that on all
atalysts selectivity decreases with the reaction temperature
xhibiting a trend which is similar on all samples. Moreover, at
he same reaction temperature selectivity was roughly indepen-
ent from the level of conversion (Fig. 2). It is also important
o stress the fact that selectivity of different samples resulted
o be almost unaffected by calcination or reduction pretreat-

ents (Fig. 4), being only related to the reaction temperature
mployed. Considering that pretreatment conditions were found
o strongly affect mainly the status of the support, the observed
ndependence of selectivity from pretreatment conditions sug-
ests that the activation of CO and H2 on investigated Au/iron
xide catalysts is not substantially affected by the iron oxide
hase. This is quite reasonable considering that both CO and H2
re adsorbed/activated on gold particles [47]. According to the

bove proposed reaction mechanism for PROX, when gold parti-
les are small enough, the rate determining step is the activation
f oxygen. Therefore, an increase in the oxygen reactivity results
n a higher activity in the oxidation of both CO and H2, thus being
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ndifferent for the CO2 selectivity, which only depends from
he reaction temperature. On the basis of these considerations,
uDP and AuRef can be considered more suitable than AuCP

or a practical use in the PROX reaction in so as the lower tem-
erature at which the reaction can be carried out on these more
ctive samples leads a higher selectivity than that achievable on
he less active AuCP sample.

. Conclusions

On the basis of the results reported in this paper the following
onclusions can be drawn:

a) The performance of Au/iron oxide catalysts towards PROX
reaction was found to be strongly affected by catalyst pre-
treatment. In particular on AuDP and AuCP samples CO
conversion strongly decreased on increasing calcination
temperature. On the AuRef sample the influence of calci-
nation was, instead, less evident. On all tested catalysts a
higher reduction temperature resulted in a lower CO conver-
sion, the effect of reduction on catalysts activity exceeding
that of calcination. On all samples selectivity towards CO
oxidation decreased appreciably on increasing reaction tem-
perature. The dependence of selectivity from pretreatment
was negligible.

b) The effect of catalyst pretreatment towards PROX was
related to the change in the iron oxide phase caused by the
pretreatment. Providing that gold particles are small enough
to be able to activate CO and H2, the catalytic performance
towards PROX reaction was highly sensitive to the micro-
crystalline structure and the oxidation state of the iron oxide.
CO oxidation activity of different iron oxide species was in
the order: ferrihydrite > hematite > magnetite.

c) On the Au/iron oxide system the PROX reaction occurs
through a Mars-van Krevelen type reaction mechanism
which involves lattice oxygen of the iron oxide and CO and
H2 adsorbed on gold particles.

eferences

[1] R.A. Lemons, J. Power Sources 29 (1990) 251.
[2] M. Twigg, Catalysts Handbook, Wolfe Publishers, London, UK, 1989

(Chapters 4–7).
[3] O. Korotkikh, R. Farrauto, Catal. Today 62 (2000) 249.
[4] T.V. Choudary, D.W. Goodman, Catal. Today 77 (2002) 65.
[5] S.H. Oh, R.M. Sinkevitch, J. Catal. 142 (1993) 254.
[6] A. Manasilp, E. Gulari, Appl. Catal. B: Environ. 37 (2002) 17.
[7] M.J. Kahlich, H.A. Gasteiger, R.J. Behm, J. Catal. 171 (1997)

93.
[8] H. Igarashi, H. Uchida, M. Suzuki, Y. Sasaki, M. Watanabe, Appl. Catal.

A: Gen. 159 (1997) 159.
[9] P.V. Snytnikov, V.A. Sobyanin, V.D. Belyaev, P.G. Tsyrulnikov, N.B. Shi-

tova, S.A. Shlyapin, Appl. Catal. A: Gen. 239 (2003) 149.
10] F. Marino, C. Descorme, D. Duprez, Appl. Catal. B: Environ. 54 (2004)
59–66.
11] H. Tanaka, S. Ito, S. Kameoka, K. Tomishige, K. Kunimori, Appl. Catal.

A: Gen. 250 (2003) 255.
12] G.K. Bethke, H.H. Kung, Appl. Catal. A: Gen. 43 (2000) 194.
13] R.J.H. Griesel, B.E. Nieuwenhuys, J. Catal. 199 (2001) 48.

[
[
[

[

ysis A: Chemical 284 (2008) 24–32 31

14] H.S. Oh, J.H. Yang, C.K. Costello, Y.M. Wang, S.R. Bare, H.H. Kung,
M.C. Kung, J. Catal. 210 (2002) 375.

15] M.M. Schubert, V. Plzak, J. Garche, R.J. Behm, Catal. Lett. 76 (3–4) (2001)
143.

16] M.M. Schubert, S. Hackenberg, A.C. van Veen, M. Muhler, V. Plzak, R.J.
Behm, J. Catal. 197 (2001) 113.

17] C. Rossignol, S. Arrii, F. Morfin, L. Piccolo, V. Caps, J.L. Rousset, J. Catal.
230 (2005) 476.

18] M.J. Kahlich, H.A. Gasteiger, R.J. Behm, J. Catal. 182 (1999) 430.
19] M.M. Schubert, M.J. Kahlich, H.A. Gasteiger, R.J. Behm, J. Power Sources

84 (1999) 175.
20] T. Tabakova, V. Idakiev, K. Tenchev, F. Boccuzzi, M. Manzoli, A. Chiorino,

Appl. Catal. B: Environ. 63 (2006) 94.
21] W. Deng, J. De Jesus, H. Saltsburg, M. Flytzani-Stephanopoulos, Appl.

Catal. A: Gen. 291 (2005) 126.
22] A. Jain, X. Zhao, S. Kjergaard, S.M. Stagg-Williams, Catal. Lett. 104

(2005) 191.
23] R.M. Torres Sanchez, A. Ueda, K. Tanaka, M. Haruta, J. Catal. 168 (1997)

125.
24] Z. Liu, R. Zhou, X. Zheng, J. Mol. Catal. A: Chem. 255 (2006) 103.
25] W. Liu, M. Flytzani-Stephanopoulos, Chem. Eng. J. 64 (1996) 283.
26] G. Avgouropoulos, T. Joannides, H.K. Matralis, Catal. Lett. 73 (2001)

33.
27] D.H. Kim, J.E. Cha, Catal. Lett. 86 (2003) 107.
28] P. Ratnasamy, D. Srinivas, C.V.V. Satayanarayana, P. Manikandan, R.S.

Sentihil Kumaran, M. Sachin, V.N. Shetti, J. Catal. 221 (2004) 455.
29] F. Boccuzzi, A. Chiorino, S. Tsubota, M. Haruta, J. Phys. Chem. 100 (1996)

3625.
30] J.-D. Grunwaldt, A. Baiker, J. Phys. Chem. 103 (1999) 1002.
31] M. Haruta, S. Tsubota, T. Kobayashi, H. Kageyama, M.J. Genet, B. Del-

mon, J. Catal. 144 (1993) 175.
32] H. Liu, A.I. Kozlov, A.P. Kozlova, T. Shido, K. Asakura, Y. Iwasawa, J.

Catal. 185 (1999) 252.
33] M.A. Bollinger, M.A. Vannice, Appl. Catal. B: Environ. 8 (1996) 417.
34] A.K. Tripathi, V.S. Kamble, N.M. Gupta, J. Catal. 187 (1999) 332.
35] M. Haruta, Catal. Surv. Jpn. 1 (1997) 61.
36] V.A. Bondzie, S.C. Parker, C.T. Campbell, J. Vac. Sci. Technol. A 17 (1999)

1717.
37] M. Valden, S. Pak, X. Lai, D.W. Goodman, Catal. Lett. 56 (1998) 7.
38] M. Haruta, Catal. Today 36 (1997) 153.
39] M. Mavrikakis, P. Stoltze, J.K. Nørskov, Catal. Lett. 64 (2000) 101.
40] A.I. Kozlov, A.P. Kozlova, H. Liu, Y. Iwasawa, Appl. Catal. A: Gen. 182

(1999) 9.
41] K. Fukushima, G.H. Takaoka, J. Matsuo, I. Yamada, Jpn. J. Appl. Phys. 36

(1997) 813.
42] H. Liu, A.I. Kozlov, A.P. Kozlova, T. Shido, Y. Iwasawa, Phys. Chem.

Chem. Phys. 1 (1999) 2851.
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