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Catalysts of Pt on Fe2O3 and mixed oxides FexZr(1−x)O2 were prepared for the selective CO + H2 oxida-
tion. X-ray diffraction and Mössbauer spectroscopy showed �-Fe2O3 in pure support, a solid solution for
x = 0.25 and mixed oxides with segregated phases for higher “x” values. Mössbauer results showed also
that with increasing the Zr content Zr4+ ions substitute the Fe3+ ions in the �-Fe2O3 lattice, and also Fe3+

ions diffusing into the zirconia lattice. The Pt/Fe0.25Zr0.75O2(p) exhibited only Fe3+ inside the ZrO2 lattice.
After reduction, Fe3O4 was found in the catalysts, which decreased with increasing zirconium loading.
It is interesting to note that the corresponding precursor presents 83% of Fe3+ located in the ZrO2 lattice
ixed oxides
ron–zirconia
ron catalyst

össbauer
ELOX reaction

and the remaining 17% corresponds to hematite.
Catalytic tests for the preferential oxidation of CO containing H2 showed a maximum CO

conversion at different temperatures after reaching total oxygen conversion. The CO conversion
decreased with increasing iron content in the mixed oxide. The Pt/Fe2O3 catalyst is the most
active compared to the other Pt/mixed oxide and Pt/ZrO2. Results showed the following order:
Pt/Fe2O3(c) > Pt/Fe0.75Zr0.25O2(c) > Pt/Fe0.25Zr0.75O2(c) > Pt/ZrO2. The Pt/Fe0.25Zr0.75O2(c) presented high

and is
selectivity (56%) at 90 ◦C

. Introduction

It is well known that the low temperature proton-exchange
embrane fuel cells (PEMCF) are extremely sensitive to low levels

f carbon monoxide (50 ppm). As a consequence, the CO should be
liminated from the feed, avoiding poisoning of the metal. Among
he current methods the selective oxidation of CO (PROX) seems to
e the most economic and efficient approach. This reaction has been
tudied using different supports (silica, alumina and titania) and
oble metals (Pt, Pd, Ru, Rh and Au) as catalysts [1–6]. Other types
f solids used in the PROX reaction were ceria or ceria–zirconia sup-
orted transition metal (Cu, Co, Ni) catalysts [7]. On CeO2 support
he redox cycle Ce(III)–Ce(II) is easy and the oxygen mobility is facil-
tated. As a result, such oxides are able to absorb reversibly oxygen
8]. However, catalysts like CuO–CeO2 are susceptible to the pres-
nce of water vapor and carbon dioxide [9]. Considering that for this
eaction a redox cycle is important and that the cycle Fe(III)–Fe(II)

an occur in an easy way (�-Fe2O3 ↔ Fe3O4), mixed oxides like
e2O3–ZrO2 could be interesting supports for noble metal catalysts
o be used in the PROX reaction.

∗ Corresponding author. Fax: +55 21 25628360.
E-mail address: schmal@peq.coppe.ufrj.br (M. Schmal).

926-860X/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2010.09.027
2-fold higher compared to the Pt/Fe2O3 and Pt/ZrO2 catalyst.
© 2010 Elsevier B.V. All rights reserved.

These mixed oxides have had important industrial applica-
tions in isomerization of hydrocarbons, hydrogenation of carbon
monoxide [10–13] and dehydrogenation of ethylbenzene [14]. The
addition of Fe2O3 increases the stability of zirconia catalysts [10]
and zirconia increases the activity of the Fe2O3, stabilizing the Fe3+

cations during the reduction [13]. Popovic et al. [14] prepared solid
solutions in the thermodynamically stable m-ZrO2-�-Fe2O3 sys-
tem, using the coprecipitation method with ZrO(NO3)2·2H2O and
Fe(NO3)3·9H2O as precursors salts in solution with different molar
ratios. Calcination was carried out at several temperatures up to
1100 ◦C. The incorporation of Fe3+ produced an asymmetrical dis-
tortion in the apex of the crystallites of m-ZrO2. Likewise, Stefanic
et al. [15] followed the phase change of Fe2O3–ZrO2 system dur-
ing the calcination at different temperatures (500, 600, 800 and
1100 ◦C). A solid solution was observed at 600 ◦C with Fe2O3 load-
ings up to 30 mol%, which crystallized in a metastable phase. It
stabilizes as a cubic phase due to the formation of oxygen vacancies
in the apexes of zirconia. These vacancies are associated to the Fe3+

ions with a smaller ionic size than Zr4+. The stabilization of cubic
zirconia depends on the amount of Fe3+ ions incorporated in the

lattice of zirconia and also on the preparation conditions.

Following these ideas, the aim of the present work was to
prepare Pt/FexZr(1−x)O2 (x = 0.25, 0.5, 0.75) catalysts and compar-
ing with Pt/Fe2O3 and Pt/ZrO2 for the PROX reaction. In order
to explain the catalytic results, the supports and the catalysts

dx.doi.org/10.1016/j.apcata.2010.09.027
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:schmal@peq.coppe.ufrj.br
dx.doi.org/10.1016/j.apcata.2010.09.027
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ere characterized by X-ray diffraction, temperature programmed
eduction, temperature programmed desorption and Mössbauer
pectroscopy.

. Experimental

.1. Preparation

Zirconia (ZrO2) was prepared by calcination of (ZrO(NO3)·2H2O
(Aldrich) at 10 ◦C/min under airflow (120 mL/min) in a muffle
with programmed temperature up to 500 ◦C, for 2 h and was used
as reference in this study.
Iron oxide (Fe2O3) was obtained by calcination of iron (III) nitrate
(Vetec) in airflow (120 mL/min) at 500 ◦C (10 ◦C/min) for 2 h.
The FexZr(1−x)O2 oxides were prepared by co-precipitation using
ZrO(NO3)2·2H2O and Fe(NO3)3·9H2O as precursors. A mixture of
reagents at different molar Fe/Zr ratios was co-precipitated with
25% NH4OH in aqueous solution at pH 10.4. The resulting pow-
ders were dried for 12 h at 90 ◦C, calcined in airflow at 500 ◦C
(2 ◦C/min) and kept for 2 h, as described in [14]. (Here x was codi-
fied as weight percentage). These oxides will be used as supports
of Pt catalysts and were denoted as FexZr(1−x)O2(s).
Pt was incorporated using a solution of H2PtCl6 (Sigma) by incip-
ient wetness impregnation. The samples were dried for 12 h at
90 ◦C and calcined in airflow (120 mL/min) at 500 ◦C (5 ◦C/min)
for 2 h. The samples are the precursors of the catalysts and will be
represented by the formula Pt/FexZr(1−x)O2(p). Finally, the pre-
cursors were activated as will be described in Section 2.3, and the
catalysts obtained will be denoted as Pt/FexZr(1−x)O2(c).

.2. Characterization of supports and catalysts

The characterizations were carried out using the following tech-
iques:

The chemical composition was determined by X-ray fluorescence
(XRF) using a Rigaku spectrometer, RIX 3100 model apparatus.
Specific surface area was measured by BET method, with N2
adsorption measurements at liquid nitrogen temperature, using a
Micromeritics ASAP 2000 apparatus. Before analysis, the sample
was degassed for 24 h at 300 ◦C.
X-ray powder diffraction patterns were recorded in a Rigaku
miniflex X-ray diffractometer using CuK� radiation (30 kV and
15 mA). The diffractograms were recorded in the range of
2◦ < 2� < 90◦ with 0.05◦/step.
The precursors were reduced by temperature programmed
reduction (TPR), carried out in a microflow reactor at atmospheric
pressure. The samples were dehydrated at 250 ◦C under Ar flow
before reduction. The temperature rises from room temperature
to about 1000 ◦C at a heating rate of 10 ◦C/min, with a mixture
of 1.59% H2/Ar (v/v) (30 mL/min) flow. The outflow gases were
analyzed by a thermal conductivity detector.
Temperature programmed desorption of CO (named TPD-CO) was
carried out using a QMS-200 (BALZER) mass spectrometer. Prior
to CO adsorption, the samples (200 mg) were dried under He flow
at 250 ◦C and cooled to room temperature. Then, reduced with a
mixture of 10% H2/He (30 mL/min). raising the temperature up to
500 ◦C (10 ◦C/min) and held for 30 min at this temperature. After
cooling to room temperature in He flow at 30 mL/min, the sam-
ple was exposed to 10% CO/He flow for 1 h at room temperature.

Physisorbed CO was removed by purging with He. Desorption
started with He flow (30 mL/min) raising the temperature up to
220 ◦C (10 ◦C/min). Similar assay was done with the feed reaction
(60% H2 + 1% O2 + 1% CO + balanced with He) (named TPD-feed)
following the adsorption at room temperature and desorption
A: General 392 (2011) 1–10

with He flow, raising the temperature up to 220 ◦C. The ratios
m/e = 2, 12, 15, 16, 17, 18, 27, 28, 29, 32, and 44 were monitored
for quantification.

- The Mössbauer spectra were obtained in transmission geometry
with a 512-channel constant acceleration spectrometer. A source
of 57Co in Rh matrix of nominally 50 mCi was used. Velocity cali-
bration was performed against a 12 �m-thick �-Fe foil. All isomer
shifts (ı) mentioned in this paper are referred to this standard.
The temperature of −243 ◦C was obtained using a Displex DE-
202 Closed Cycle Cryogenic System. The Mössbauer spectra were
evaluated using a commercial program with constraints named
Recoil [16]. Lorentzian lines were considered with equal widths
for each spectrum component. The spectra were folded to mini-
mize geometric effects. The spectra of the reduced samples were
obtained in the activation atmosphere using a cell specially built
for this purpose to be used inside the cryogenic system [17].

2.3. Catalytic tests

The catalytic tests for the CO selective oxidation (PROX) were
measured in a continuous flow fixed-bed U-shaped reactor, under
atmospheric pressure. Effluent gases were analyzed by gas chro-
matography (VARIAN CP3800) equipped with a CP-PoraBOND Q
column. The reaction was studied from 30 up to 220 ◦C, measuring
the CO and O2 conversions at different temperatures. The cat-
alytic experiments were performed with 100 mg sample, using a
feed composition of 1% CO, 1% O2, 60% H2 in He with a total flow
rate of 100 mL/min. Priori the samples were dehydrated at 250 ◦C
(10 ◦C/min) for 30 min using He (30 mL/min), reduced with a mix-
ture of 10% H2/He (30 mL/min) at 10 ◦C/min up to 500 ◦C and kept
for 30 min at this temperature. The CO and O2 conversions and the
CO2 selectivity were defined as follows:

CO conversion (%) = [CO]in − [CO]out

[CO]in
× 100 (1)

O2 conversion (%) = [O2]in − [O2]out

[O2]in
× 100 (2)

CO2 selectivity (%) = 0.5 × ([CO]in − [CO]out)
[O2]in − [O2]out

× 100 (3)

For comparison the activity was obtained at isoconversion (at
low conversion) and at low temperature (70 ◦C).

3. Results and discussion

3.1. X-ray fluorescence (XRF) and surface area (BET)

The chemical compositions of the precursors are shown in
Table 1. As it can be seen, the platinum content in the samples
is close to the nominal value. However, the chemical compositions
for the oxide samples are slightly different from the nominal val-
ues, which can be attributed to loss of material during the filtration
and washing steps.

The textural analysis was carried out by N2 physisorption using
the BET method and the results are shown in Table 1. The Pt/ZrO2
catalyst presented a surface area of 57 m2/g. The Pt/Fe2O3(p) sam-
ple presented low specific surface area (14 m2/g) when compared
to reported values of Tripathi et al. [18] and Qiu et al. [19], which
used different precursors. Their surface areas were 41 and 50 m2/g
after calcination at 400 and 350 ◦C, respectively. Menezes et al. [20]

obtained less than 10 m2/g after calcination at several tempera-
tures (200, 300, 400, 500 and 600 ◦C), using the same precursor
salts as here. Shaheen [21] used a Fe(OH)2·FeCO3 like precursor
and obtained specific areas of 51, 40 and 32 m2/g, after calcination
at 350, 550 and 750 ◦C, respectively.
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Table 1
Chemical composition, N2 physisorption and TPR quantification results of the catalyst and precursors.

Samples Nominal content (%) Real content (%) BET (m2/gcat) Reduction degree (%)

Pt Fe2O3 ZrO2 Pt Fe2O3 ZrO2 Cl−

Fe2O3(s) – – – – – – – – 88.8a, 68.2b

Fe0.25Zr0.75O2(s) – – – – – – – – 95.4c

Fe0.5Zr0.5O2(s) – – – – – – – – 96.1c

Fe0.75Zr0.25O2(s) – – – – – – – – 28.6c

Pt/ZrO2 1 – 100 1.06 – 96.2 – 57 50.9d

Pt/Fe0.25Zr0.75O2(p) 1 24.75 74.25 1.0 22.5 75.4 1.1 164 94.3d

Pt/Fe0.5Zr0.5O2(p) 1 49.50 49.50 1.1 44.8 52.1 2.0 75 49.4d

Pt/Fe0.75Zr0.25O2(p) 1 74.25 24.75 0.9 70.1 27.6 1.4 68 51.4d

Pt/Fe2O3(p) 1 99.00 – 1.1 98.4 – 0.5 14 >100

a First peak reduction (3Fe2O3 + H2 → 2Fe3O4 + H2O).

P
m
a
p
t
s

b Second peak reduction (Fe3O4 + 4H2 → 3Fe + H2O).
c (Fe2O3 + 3H2 → 2Fe + 3H2O).
d First peak reduction (Pt4+ → Pt◦).

On the other hand, the specific surface areas of the
t/FexZr(1−x)O2(p) samples increased significantly depending of the
olar compositions of zirconia, resulting in high specific surface
reas (68–164 m2/g) when compared to the literature. Wu et al. [11]
repared Fe–Zr mixed oxides using ferric chloride and zirconium
etrachloride salts. After drying at 110 ◦C and calcining at 700 ◦C the
urface area was 49 m2/g with 80% zirconia.

Fig. 1. X-ray diffraction patterns of the samples and its respective supports. (◦) cubic Fe
3.2. X-ray powder diffraction

The XRD diffractograms of the supports and precursors are pre-

sented in Fig. 1A–E. Fig. 1A displays the diffractogram of ZrO2(s) and
Pt/ZrO2(p). As shown the diffractograms present crystalline mon-
oclinic structure represented in the lines at 24,31◦, 28,39◦, 31,53◦,
34,39◦, 40,90◦ (JCPDS 371484). The Fe2O3(s) and Pt/Fe2O3(p) sam-

2O3, (*) hexagonal Fe2O3 and (+) cubic or tetragonal ZrO2 and (I) monoclinic ZrO2.
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Fig. 2. TPR profiles

les (Fig. 1B) displayed sharp and symmetric diffraction lines,
ndicating good crystallinity. Both presented crystalline phases
f �-Fe2O3 with diffraction lines at 2�: at 24.37◦, 33.54◦, 35.81◦,
1.03◦, 49.70◦, 54.29◦, 62.73◦ and 64.17◦ (JCPDS 33664).

The diffractograms of the samples with 75% and 50% of iron
xide content and the related precursors are presented in Fig. 1C
nd D, showing �-Fe2O3 phase (JCPDS 33664), as well as ZrO2 as
etragonal or cubic phase (JCPDS 27997), suggesting the formation
f segregated phases. The zirconium oxide presented diffraction
ines at 30.6◦ and 50.6◦. On the other hand, the Fe0.25Zr0.75O2(s) and
t/Fe0.25Zr0.75O2(p) samples (Fig. 1E) did not present well defined
rystalline structures, instead a broad peak around 35◦, can be
bserved. It suggests the presence of very small crystallites after
alcination at 500 ◦C or formation of amorphous solids. It agrees
ith Stefanic et al. [15,22] results that found a similar diffraction
attern for a system with 30% iron and 70% zirconia. The intensity
f this ZrO2 phase decreases with increasing iron oxide content, in
greement with Stefanic et al. [15]. Taking into account that the
iffraction patterns of cubic and tetragonal ZrO2 are almost identi-
al, and considering that in the present samples the diffraction lines
ssigned to ZrO2 are very broad, it is not possible to distinguish
etween both phases. These results also agreed with Stefanic et al.
15]. Platinum was not observed in the diffractograms, indicating
hat this content is below the detection level [23].
.3. Temperature programmed reduction

Reduction of the supports samples (s) and the precursors (p)
ith Pt after calcination are shown in Fig. 2A–E.
different samples.

Fig. 2A shows the TPR profiles of ZrO2 (bottom line) and the
Pt/ZrO2 catalyst (upper line). Zirconia is stable presenting only a
small reduction peak at 738 ◦C with 5.4% of zirconia. This result is
consistent with the literature, Bozo et al. [15], Querino et al. [16]
and Dong et al. [17]. The Pt/ZrO2 catalyst displayed the main peak at
273 ◦C with a small shoulder around 130 ◦C, a second peak at 490 ◦C
and a third peak at 910 ◦C. The hydrogen consumption is higher than
needed to the complete reduction of Pt oxide, in agreement with
Souza et al. [18], which sustains the hypothesis that sub surfaces
oxides species of zirconia at the interface can be reduced at lower
temperature. Indeed, reduced Pt dissociates H2 which migrates to
the zirconia surface and facilitate their reduction. The first peak at
273 ◦C is associated to the reduction of Pt4+ → Pt◦, while the reduc-
tion at higher temperature is attributed to the additional reduction
of Zr4+ → Zr3+ promoted by metallic Pt at the surface. The small
shoulder around 130 ◦C is probably attributed to the reduction of
greater PtO2 particles and at 930 ◦C the reduction of ZrO2.

Fig. 2B shows the reduction profile of Fe2O3 (bottom line) indi-
cating the reduction of Fe2O3 to Fe3O4 (Eq. (4)) in the first peak
at 430 ◦C followed by the reduction of Fe3O4 to metallic iron Fe0

(Eq. (5)) on the second broad peak between 500 and 950 ◦C, with
maximum around 800 ◦C. The reduction degrees were calculated
as shown in Table 1:
3Fe2O3 + H2 → 2Fe3O4 + H2O (4)

Fe3O4 + 4H2 → 3Fe + 4H2O (5)
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Table 2
Quantification of desorbed species on TPD of feed reaction.

Catalysts Desorption of
CO
(�mol CO/gcat)

Desorption of
CO2

(�mol CO2/gcat)

Desorption of
H2

(�mol/gcat)

1% Pt/ZrO2 6.1a 57.1 28.7
Pt/Fe0.25Zr0.75O2(c) 7.3a 132.2 –
Pt/Fe Zr O (c) 1.6a 5.0 17.2

a

b

M. Schmal et al. / Applied Cat

For the mixed oxides the reduction was calculated based on the
otal reduction of iron oxide, according to Eq. (6).

e2O3 + 3H2 → 2Fe + 3H2O (6)

Souza et al. [25] observed reduction of hematite to magnetite
n a first peak, followed by the formation of metallic iron. The first
eak is exothermic, occurring around 300 ◦C, while the second peak
ccurs at higher temperature. Chen et al. [26] reported maximum
eduction temperatures at 400 and 600 ◦C and Heidebrecht et al.
27] found reduction at temperatures around 400 as well as 700 ◦C.
ikewise, Lin et al. [28] studying a similar system obtained peaks at
00 and 500 ◦C. Our results are consistent with the literature.

The reduction profile of the precursor Pt/Fe2O3(p) is displayed
n Fig. 2B (upper line) showing three peaks at 112, 306 and 700 ◦C.
omparing with the Pt/ZrO2 catalyst it shows that the main peak
hifted from 273 to 306 ◦C and the small shoulder to 112 ◦C and a
econd peak at 490 ◦C. The peak at 306 ◦C is attributed to the reduc-
ion of PtO2 and a partial reduction of Fe2O3. Comparing with the
eduction profile of Fe2O3(s) it shows that the reduction of platinum
xide is facilitated by the reduction of Fe oxide at the interface. The
econd peak was shifted to lower temperature due to the catalytic
ffect of platinum on the reduction of iron oxide. Finally, the last
eak of reduction is assigned to the reduction of the Fe oxide.

Samples with 75% and 50% iron (Fig. 2C and D) displayed similar
eduction profiles and when compared to the iron oxide profiles,
hey exhibited three distinct maxima, which are shifted to higher
emperatures. With increasing iron content these reduction peaks
re also shifted to higher temperatures.

The reduction profiles of these precursors showed different
hapes in the lower temperature range but very similar profiles
o the supports at higher temperatures. It suggests the reduction
f segregated phases of iron oxide at elevated temperatures. The
eduction degrees are also similar to pure iron oxide, according to
able 1. XRD results confirm that these precursors evidence the
resence of a mixture of iron oxide and zirconium oxide with dif-
erent crystalline structures and not a solid solution of Fe–Zr.

The Fe0.25Zr0.75O2(s) (Fig. 2E bottom line) presented a different
eduction profile, displaying peaks at 220, 450 ◦C and a broad peak
n the range from 650 to 950 ◦C. The last one may be related to
eduction of iron oxide, according to Eqs. (4) and (5). The first peak
t low temperature seems to be the reduction of the mixed oxide
ue to the formation of a solid solution, as observed by XRD.

The Pt/Fe0.25Zr0.75O2(p) (Fig. 2E upper line) shows a sharp reduc-
ion peak of platinum oxide at 240 ◦C. Besides, the reduction degree
f this solid was higher than the other precursors. In consequence,
he reduction of the mixed oxide occurs jointly with the platinum
nd iron species.

.4. Temperature programmed desorptions of CO and the feed
ixture

The TPD-feed on Pt/ZrO2 presented desorption of CO at 93 ◦C,
O2 and H2 at 220 ◦C (not shown). However, with the addition
f Fe the mixed oxide Pt/Fe0.25Zr0.75O2(c) displayed a large des-
rption peak of CO2 at 195 ◦C, together with a small desorption
f CO and no H2 desorption (Fig. 3A). With increasing Fe content
he Pt/Fe0.5Zr0.5O2(c) and Pt/Fe0.75Zr0.25O2(c), the profiles changed,
isplaying small desorption peaks of CO and CO2 and a note worthy
igh H2 desorption peak above 200 ◦C, as shown in Fig. 3B.

Table 2 presents quantitatively the desorbed amounts of CO,
O2 and H2 after TPD-feed for all catalysts. The Pt/Fe0.25Zr0.75O2(c)

esorbed about 50 times more CO2 and 7 times more CO than
t/Fe2O3(c).

On the other hand, the CO and CO2 desorption values of
t/Fe0.5Zr0.5O2(c) and Pt/Fe0.75Zr0.25O2(c) were similar, decreasing
ith higher Fe content. The desorbed CO2 and CO values are 5–10
0.5 0.5 2

Pt/Fe0.75Zr0.25O2(c) 1.5a 10.6 104.7
Pt/Fe2O3(c) 1.0a 3.2 9.7

a m/e = 28 from CO2.

times lower than for the Pt/Fe0.25Zr0.75O2(c) sample. Noteworthy is
the H2 desorption for Pt/Fe0.5Zr0.5O2(c) and for Pt/Fe0.75Zr0.25O2(c).
The CO desorption corresponds to the irreversible and preferential
adsorption on Pt◦ sites. These results suggest not only adsorption
on metallic Pt◦ but probably at the Pt◦/Fe3+ interface, since Fe2O3
does not adsorb CO. The adsorption at the interface decreases with
increasing iron content.

The formation of CO2 is probably due to the fact that CO is
decomposed on Pt◦ according to the Bouduard reaction. However,
the enormous amount of CO2 released from the Pt/Fe0.25Zr0.75O2(c)
requires an additional explanation. It suggests that adsorbed CO
may react with the oxygen of the lattice, producing CO2 and oxygen
vacancies, according to the reaction:

CO(ads) + [O]L → CO2(g) + [ ](vacancies)

The TPD-feed results showed also an unexpected great amount
of H2 released on the Pt/Fe0.75Zr0.25O2(c) catalyst. Probably H2
migrated or spilt over from the metal to the mixed oxide depending
on the Fe content. It also justifies the H2 oxidation, which is greatly
favored on the Pt/Fe0.75Zr0.25O2(c) catalyst, as observed on the cat-
alytic tests. Therefore the O− species will promote the CO and H2
oxidation, in accordance with Smit et al. [29]. Thus, from the TPD
results one can suggest:

. The CO adsorption occurs on the metal and at the interface of
Pt◦/Fe3+.

. These mixed oxides present vacancies, depending of the Fe con-
tent, promoting the CO oxidation at low temperatures.

c. The Pt/mixed oxides interfaces promote the migration or spill
over of H2 to the support, depending on the Fe content.

3.5. Mössbauer spectroscopy

Fig. 4 shows the Mössbauer spectra of Pt/Fe2O3(p) and
Pt/FexZr(1−x)O2(p) at room temperature and the hyperfine param-
eters are listed in Table 3.

The hyperfine parameters of Pt/Fe2O3(p) showed the presence
of only one iron species: �-Fe2O3 [30] (Fig. 4). The spectra of
Pt/Fe0.25Zr0.75O2(p) and Pt/Fe0.5Zr0.5O2(p) at 25 ◦C were fitted with
one doublet and one sextet. The hyperfine parameters of the sex-
tet are typical of �-Fe2O3. However, the values of the hyperfine
magnetic field are diminished significantly in comparison with the
value of hematite “bulk”. This effect can be attributed to:

- small size of �-Fe2O3 crystallites, produced by the presence of
zirconium oxide. The existence of small particles would decrease
the hyperfine magnetic field due to the phenomenon named col-
lective magnetic excitations [31].

- the presence of Zr4+ ions substituting isomorphically Fe3+ ions

in the �-Fe2O3 lattice, since this substitution could also cause a
decrease in the hyperfine magnetic field [22].

On the other hand, the doublet could be attributed to superpara-
magnetic �-Fe2O3 (extremely small crystals) or paramagnetic Fe3+
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Fig. 3. TPD of reaction feed mixture 1% CO, 1%O2, 60% H2, He. (A) Pt/Fe0.25Zr0.75O2 and (B) Pt/Fe0.5Zr0.5O2.

Table 3
Mössbauer parameters of the precursors at 25 ◦C.

Species Parameters Pt/Fe2O3(p) Pt/Fe0.75Zr0.25O2(p) Pt/Fe0.5Zr0.5O2(p) Pt/Fe0.25Zr0.75O2(p)

�-Fe2O3 H (T) 51.5 ± 0.1 – – –
ı (mm/s) 0.37 ± 0.01 – – –
2ε (mm/s) −0.22 ± 0.01 – – –
% 100 – – –

�-Fe2O3 with Zr4+ H (T) – 50.6 ± 0.1 50.9 ± 0.1 50.5 ± 0.2
ı (mm/s) – 0.37 ± 0.01 0.37 ± 0.01 0.37 ± 0.02
2ε (mm/s) – −0.22 ± 0.01 −0.22 ± 0.01 −0.27 ± 0.05
% – 74 ± 4 93 ± 1 17 ± 1

�-Fe2O3 with a higher Zr4+ loading H (T) – 47.0 ± 0.8 – –
ı (mm/s) – 0.35 ± 0.02 – –
2ε (mm/s) – −0.26 ± 0.04 – –
% – 20 ± 4 – –

Fe3+ in ZrO � – 1.12 ± 0.06 1.01 ± 0.06 1.07 ± 0.01

H d to �

i
t
t
m
w
s
i

o
T
t
T

T
M

H
t

2
ı –
% –

: hyperfine magnetic field in Tesla; ı: isomer shift (all the isomer shifts are referre

ons located inside the lattice of ZrO2 segregated. Considering that
he value of quadrupole splitting (�) is higher than that assigned
o superparamagnetic �-Fe2O3, the second hypothesis seems to be

ore plausible. In addition, the percentage of this doublet increases
ith the decreasing of Fe/Zr ratio, indicating that more ZrO2 was

egregated and, therefore, a greater amount of iron can be located
nside the zirconia lattice [22,32].
In order to discern between these possibilities, the spectrum
f Pt/Fe0.25Zr0.75O2(p) at −243 ◦C was obtained (Fig. 4 and Table 4).
his sample was selected to measure the spectrum at low tempera-
ure since it has the higher area of the doublet at room temperature.
herefore, the greater changes will be expected when the temper-

able 4
össbauer parameters of Pt/Fe0.25Zr0.75O2(p) at −243 ◦C.

Species Parameters Pt/Fe0.25Zr0.75 O2(p)

�-Fe2O3 with Zr4+ H (T) 52.8 ± 0.2
ı (mm/s) 0.50 ± 0.02
2ε (mm/s) −0.17 ± 0.04
% 22 ± 1

Fe3+ in ZrO2 � 1.16 ± 0.01
ı 0.46 ± 0.01
% 78 ± 1

: hyperfine magnetic field in Tesla; ı: isomer shift (all the isomer shifts are referred
o �-Fe at 298 K); 2ε: quadrupole shift; �: quadrupole splitting.
0.34 ± 0.04 0.38 ± 0.04 0.34 ± 0.01
6 ± 1 7 ± 1 83 ± 1

-Fe at 298 K); 2ε: quadrupole shift; �: quadrupole splitting.

ature decreases. Again, two interactions were used in the fitting:
a sextuplet and a doublet, and their percentages are nearly iden-
tical to that obtained at room temperature. If very small �-Fe2O3
crystallites would be present, a partial or total magnetic blocking
would occur at −243 ◦C. In consequence, the percentage of the dou-
blet would decrease and the area of the sextuplet would increase.
Taking into account this analysis, the sextet could be assigned to
�-Fe2O3 with Zr4+ ions substituting Fe3+ ions, and the doublet to
paramagnetic Fe3+ ions located inside the ZrO2 lattice. Due to the
low percentage of �-Fe2O3 with Zr4+ ions (17 ± 1%) this species can
not be detected by XRD. Therefore the ZrO2 with Fe3+ ions diffused
inside its lattice originates the amorphous mixed oxide detected by
XRD (Fig. 2).

The hyperfine parameters for Pt/Fe0.75Zr0.25O2(p) at 25 ◦C were
obtained fitting with two sextets and one doublet. The assignment
of the sextet with higher hyperfine magnetic field and the doublet
are identical for samples Pt/Fe0.25Zr0.75O2(p) and Pt/Fe0.5Zr0.5O2(p).
The second sextet showed a highly reduced hyperfine magnetic
field value (47.0 T), in comparison with “bulk” hematite. If the
hematite crystals are very small this signal could be assigned to

the surface of these crystals [33]. However, this possibility can be
excluded, because the value of 2ε is different to zero (value obtained
for the surface layer of very small crystals of hematite). Instead,
2ε = −0.26 mm/s, a value almost identical to the hematite “bulk”.
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or this reason, probably it is a second fraction of hematite in which
here is a higher percentage of Fe3+ ions isomorphically replaced by
r4+ (Fig. 5).

Mössbauer parameters obtained for the catalysts reduced
t 500 ◦C and measured at room temperature in the same
educing atmosphere are listed in Table 5 and Fig. 6 shows
he spectra. The catalysts Pt/Fe2O3(c), Pt/Fe0.75Zr0.25O2(c) and
t/Fe0.5Zr0.5O2(c) showed two sextets whose hyperfine param-
ters can be assigned to Fe3+ ions located in tetrahedral sites
sites A) and Fe“2.5+′′

ions located in octahedral sites (sites B)
f Fe3O4, according to Vandenberghe et al. [30]. When the con-
ent of zirconium increased, two phenomena occur with the
e3O4:

the total amount of Fe3O4 decreased: 100% for Pt/Fe2O3(c); 90%
for Pt/Fe0.75Zr0.25O2(c); 78% for Pt/Fe0.5Zr0.5O2(c) and 0% for
Pt/Fe0.25Zr0.75O2(c).
the Fe3O4 is less stoichiometric since, the ratio of site B/site
A populations, changes from 1.7 for Pt/Fe2O3(c), to 1.5 for

Pt/Fe0.75Zr0.25O2(c), and 1.4 for Pt/Fe0.5Zr0.5O2(c). The value of
this ratio for stoichiometric Fe3O4 is equal to 1.8 when it was
determined by Mössbauer spectroscopy [30]. This means that the
catalyst without zirconium has a nearly stoichiometric Fe3O4. On
the other hand, when the zirconia content increases, the Fe3O4
Velocity (mm/s)

Fig. 6. Mössbauer spectra of samples Pt/Fe2O3(c), Pt/Fe0.25Zr0.75O2(c),
Pt/Fe0.5Zr0.5O2(c) and Pt/Fe0.75Zr0.25O2(c) in controlled atmosphere at 25 ◦C.

is oxidized (higher percentage of Fe3+ ions in comparison with to
stoichiometric composition).
Moreover, in the sample Pt/Fe0.75Zr0.25O2(c), the doublet can be
attributed to unreduced superparamagnetic �-Fe2O3 or paramag-
netic Fe3+ ions located inside the ZrO2 lattice. Taking into account
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Table 5
Mössbauer parameters of the catalysts at 25 ◦C.

Species Parameters Pt/Fe2O3(c) Pt/Fe0.75Zr0.25 O2(c) Pt/Fe0.5Zr0.5 O2(c) Pt/Fe0.25Zr0.75 O2(c)

Fe3+ in tetrahedral sites
(A) of Fe3O4

H (T) 49.0 ± 0.1 49.0 ± 0.1 49.0 ± 0.1 –
ı (mm/s) 0.27 ± 0.01 0.30 ± 0.02 0.29 ± 0.01 –
2ε (mm/s) −0.01 ± 0.01 −0.02 ± 0.02 0.06 ± 0.02 –
% 37 ± 1 36 ± 2 32 ± 2 –

Fe“2.5+′′ in octahedral
sites (B) of Fe3O4

H (T) 46.0 ± 0.1 45.6 ± 0.1 45.8 ± 0.1 –
ı (mm/s) 0.67 ± 0.01 0.65 ± 0.01 0.65 ± 0.01 –
2ε (mm/s) −0.01 ± 0.01 0.01 ± 0.01 −0.02 ± 0.02 –
% 63 ± 1 54 ± 2 46 ± 3 –

Fe2+ in ZrO2 � – – 1.93 ± 0.08 –
ı – – 1.14 ± 0.04 –
% – – 14 ± 2 –

Fe3+ in ZrO2 � – 1.01 ± 0.09 1.0 ± 0.1 1.04 ± 0.01
ı – 0.34 ± 0.05 0.35 ± 0.08 0.38 ± 0.01
% – 10 ± 1 8 ± 2 100

H: hyperfine magnetic field in Tesla; ı: isomer shift (all the isomer shifts are referred to �-Fe at 298 K); 2ε: quadrupole shift; �: quadrupole splitting.

Table 6
CO conversion and CO2 selectivity at different temperatures and maximum conversion of oxygen.

Temperature conversion/selectivity 90 ◦C 110 ◦C 130 ◦C TOF (h−1)

SCO2 (%) XCO (%) SCO2 (%) XCO (%) SCO2 (%) XCO (%)

Catalysts
1% Pt/ZrO2 22.5 2.4 16.8 6.6 16.7 28.1 2.17
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hat the value of the quadrupole splitting is higher than that of
uperparamagnetic �-Fe2O3, and the previous discussion above
he precursors, the second hypothesis seems to be more feasible
n agreement with Stefanic et al. [22,32]. Besides, the percentage
f the doublet detected is nearly identical to the value founded for
he precursor; therefore, these Fe3+ ions, located inside the ZrO2
attice, could not be reduced.

The Pt/Fe0.5Zr0.5O2(c) displayed two doublets: one of them with
arameters characteristics of Fe3+ assigned in the same way that in
t/Fe0.75Zr0.25O2(c), but the second doublet has parameters char-
cteristics of Fe2+ in ZrO2. The percentage of these two species
xceeds the value of Fe3+ ions that were inside the ZrO2 lattice in
he precursor. Therefore, during the reduction step a percentage of
e2+ diffuses inside the zirconia lattice.

The sample Pt/Fe0.25Zr0.75O2(c) only showed one doublet of Fe3+,
ocated in the ZrO2 lattice. Here, it is interesting to note that the
orresponding precursor presents 83% of Fe3+ located in the ZrO2
attice and the remaining 17% corresponds to hematite. Since, any
eduction was detected, can be speculated that during the reduc-
ion treatment the diffusion velocity of Fe3+ inside the zirconia
xceeded the reduction velocity, and therefore the Fe3+ ions were
ept within the zirconia lattice without any possibility of reduction.

.6. Reaction tests

Fig. 7 and Table 6 show the influence of the temperature on CO
onversion for the selective oxidation (PROX) reaction for all cat-
lysts. Fig. 8 displays separately the CO and O2 conversions and
O2 selectivity for Pt/Fe2O3(c), Pt/Fe0.25Zr0.75O2(c) and Pt/ZrO2(c).
he maximum CO conversion is related to the maximum oxygen
eeded for the selective oxidation of the mixture CO + O2 + H2 to
O2 and H2O. The Pt/ZrO2 presented 75% CO conversion at 150 ◦C.

he Pt/Fe2O3(c) presented a maximum CO conversion of 52%, how-
ver, at 90 ◦C and for 96% O2 conversion. The Pt/Fe0.25Zr0.75O2(c)
isplayed maximum CO conversion of 37% for 100% oxygen con-
ersion at 110 ◦C. With increasing temperature and iron content
he CO conversion decreased.
3 37.2 9.4 24.4 0.52
7 14.8 4.9 12.6 –
7 12.4 3.1 8 0.14

45.5 14 36.1 0.009

Note worth is the selectivity as shown in Table 6. The
Pt/Fe0.25Zr0.75O2(c) presented high selectivity (56%) at 90 ◦C and
2-fold higher compared to the Pt/Fe2O3 and Pt/ZrO2 catalyst. It can
be attributed to the defects in the structure and the presence of
oxygen vacancies in the mixed oxide as well as the presence of
interfacial Pt/Fe3+ sites, according to Magnetic results.

Wootsch et al. [34] studied the PROX reaction on a
Pt/Ce0.15Zr0.85O2 catalyst and observed CO conversion of 57% at
100 ◦C, while Ayastuy et al. [23] reported CO conversion of 69%
at 90 ◦C, agreeing with our Pt/Fe2O3(c) results. Rossignol et al. [35]
found 55% maximum CO conversion and 40% selectivity at 172 ◦C
20 40 60 80 100 120 140 160 180 200 220

Temperature (˚C) 

Fig. 7. CO conversion vs. temperature for samples Pt/Fe2O3(c), Pt/Fe0.25Zr0.75O2(c),
Pt/Fe0.5Zr0.5O2(c) and Pt/Fe0.75Zr0.25O2(c).
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The activity (TOF) was determined under isoconversion
2–10%) at 70 ◦C and after CO chemisorption for all samples,
s presented in Table 6. Results showed the following order:
t/Fe2O3(c) > Pt/Fe0.75Zr0.25O2(c) > Pt/Fe0.25Zr0.75O2(c) > Pt/ZrO2.
hese catalysts favored both CO and H2 oxidation, even at low
emperatures but not as sufficient as required to produce high CO
onversion. Moreover, higher iron loading favored H2 oxidation
ith increasing temperature, which is in accordance with TPD-feed

esults. Indeed, the mixed oxide supports increases the H2 storage
apacity in the structure and the CO coverage decreases at the
etal and Pt/Fe3+ interface [29].
This behavior may be explained considering the influence of dif-

erent properties of these materials on the reaction mechanisms.
chubert et al. [36] observed that gold-based catalysts over inert
upports (e.g. Al2O3, SiO2 and MgO) presented lower intrinsic activ-
ty in the SELOX reaction than the reducible oxides (e.g. ZrO2,
eO2, TiO2, Fe2O3). The reducible oxides supply O2 for the reaction,

mproving the activity and decreasing drastically its dependence
n particle sizes. The facility of supplying oxygen in these materi-
ls occurs by the formation of superoxides (O2−) on the neighboring
articles. These oxygen species migrate to the surface or at the

nterface of the particles, reacting with CO adsorbed species on
etallic sites [24,37,38]. The reducible supports are oxygen sources

nd therefore active phases. These oxygen species enhances the
xidation process either for CO conversion and H2 oxidation.

The Mössbauer results may elucidate the particular role of the
xidation state of Fe in the mixed oxide and the interaction with
he metal. The parameters showed that the catalysts reduced at
00 ◦C presented Fe3O4 in the structure, decreasing their content
hen the zirconium loading is increased. Besides, the Fe3O4 is less

toichiometric in the same direction. Therefore, the Fe3+ ions at the
urface may interact with Pt◦ at the interface, generating new sites,
hich enhances the CO and H2 adsorption and the H2 spillover to

he support. According to Schubert et al. [36] these facts provoke
he formation of superoxides (O2−) at the neighboring particles,
hich promotes the formation of vacancies in the mixed oxide and

acilitate the oxygen mobility, affecting the electronic structure [6]
f the support and the metal. The results indicate that these oxides
resent different behaviors in the selective oxidation reaction due
o the creation of new sites and vacancies depending of the iron
ontent. For higher iron contents the CO adsorption is inhibited
avoring the H2 oxidation.
. Conclusions

XRD analysis showed that the iron oxide presented hexagonal �-
Fe2O3 structure. The mixed oxides presented a solid solution of
or the Pt/ZrO2; Pt/Fe0.25Zr0.75O2(c) and Pt/Fe2O3(c) catalysts.

Fe–Zr for 25% iron content, while the mixed oxides with 50 and
75% iron content presented segregated oxides in the structure.

- TPR results showed that the addition of Pt favored the reduction
of iron oxide at lower temperatures, probably due to the interac-
tion at the metal surface interface. The degree of reduction of the
mixed oxide containing 25% of iron was 94%. However, increas-
ing iron loading, the degree of reduction lowered, confirming the
presence of segregated phases on these mixed oxides.

- The TPD-feed profiles of Pt/Fe2O3 displayed only very small des-
orption of CO2 and CO above 200 ◦C and not H2 desorption. On the
other hand, the TPD-feed profile of Pt/Fe0.25Zr0.75O2 showed one
large desorption peak of CO2 at 195 ◦C, but not H2 desorption.

- The TPD-feed profiles of the Pt/Fe0.5Zr0.5O2 and Pt/Fe0.75Zr0.25O2
catalysts, are completely different, displaying very small desorp-
tions of CO and CO2 but great H2 desorption above 200 ◦C.

- Mössbauer results showed the presence of Fe3+ diffusing into the
lattice of zirconia in Pt/Fe0.25Zr0.75O2(p), and the formation of
an amorphous mixed oxide, in agreement with the XRD results,
suggesting the formation of a solid solution.

- Catalytic tests for the selective oxidation of CO con-
taining H2 showed a maximum CO conversion at
different temperatures after reaching total oxygen con-
version. Results showed the following activity order:
Pt/Fe2O3(c) > Pt/Fe0.75Zr0.25O2(c) > Pt/Fe0.25Zr0.75O2(c) > Pt/ZrO2.
The Pt/Fe0.25Zr0.75O2(c) presented high selectivity (56%) at 90 ◦C
and is 2-fold higher compared to the Pt/Fe2O3 and Pt/ZrO2 cata-
lyst. These results depend on the iron content. The CO conversion
decreased drastically when the iron content in the mixed oxide
is increased.
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