Catal Lett (2008) 125:76-82
DOI 10.1007/s10562-008-9513-6

Novel Alumina-Supported PtFe Alloy Nanoparticles for
Preferential Oxidation of Carbon Monoxide in Hydrogen

Jie Yin * Junhu Wang - Tao Zhang -
Xiaodong Wang

Received: 20 February 2008/ Accepted: 5 May 2008 / Published online: 29 May 2008

© Springer Science+Business Media, LLC 2008

Abstract Supported bimetallic PtFe catalyst is one of the
most promising candidates for preferential CO oxidation
(PROX) in H, for fuel cells. We are interested in devel-
oping novel PtFe catalysts which have special architectures
and are more excellent in catalytic performance for the
PROX reaction. In the present study, three kinds of novel
alumina-supported PtFe, PtFe, and PtFe; alloy nanoparti-
cles were prepared from Pt(acac), and Fe(acac); reduced
by ethylene glycol in Ar atmosphere at 185 °C. The cata-
lytic experiments showed that the three materials were
more active for the PROX reaction under pretreatment both
in He and H, atmospheres as compared to that of Pt/Al,O3
prepared by the same chemical route. Their structural
property and iron state were investigated by X-ray dif-
fraction and >’Fe Mossbauer spectroscopy. The obtained
results proved that the novel as-prepared PtFe/Al,Os,
PtFe,/Al,05 and PtFes;/Al,O; materials are clearly differ-
ent in the architecture and the oxidation state of iron as
compared to the conventionally prepared one.
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1 Introduction

There is wide interest in the development of novel hetero-
geneous catalysts that are applicable to the carbon
monoxide (CO) preferential oxidation (PROX) in rich-
hydrogen atmosphere to improve the efficiency of fuel cells
[1-10]. Development of the novel heterogeneous catalysts
as cathode for polymer electrolyte membrane (PEM) fuel
cells is also in the field of vision [11, 12]. Among the
reported heterogeneous catalysts so far for the CO oxida-
tion, PROX reaction and cathodic materials of the PEM fuel
cells, supported Pt-Fe nanoparticles prepared by one
improved method have been investigated by several groups
[3-6, 8]. Liu et al. reported an iron oxide promoted Pt/Al,O3
catalyst prepared by a modified impregnation method and
investigated the role of iron in enhancing the catalytic
performance for the PROX reaction [3]. Kotobuki et al.
reported the catalytic mechanism of the PROX reaction on
Pt, Fe and Pt-Fe/mordentite catalysts prepared by a con-
ventional ion-exchange method [4]. They proposed a so-
called “bifunctional mechanism” and pointed out that the
mechanism was clearly different to that of the PROX
reaction on Au catalysts supported on TiO,, Al,O; and
ZrO, [7]. They also confirmed that Pt forms the metallic
clusters after H, pretreatment or the PROX reaction,
whereas a large part of Fe exists as oxides even after the H,
treatment according to a XAFS characterization [5]. Tang
et al. reported novel Pt-Fe/Al,O5 catalyst prepared by a
modified polylol method, which showed 99% CO conver-
sion and 98% selectivity at 80 °C and n(CO)/n(O,) = 2 [6].
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Very recently, Siani et al. reported the silica-supported Pt,
PtFe, and PtsFe, catalysts prepared from PtFe,(COD)(CO)g
(COD = 1,5-cyclooctadiene) and PtsFe,(COD),(CO);,
organometallic cluster precursors, respectively [8]. They
gained better control on the stoichiometry and morphology
of the resulting Pt-Fe nanoparticles due to use the above two
bimetallic Pt-Fe clusters as precursor. The cluster-derived
PtFe/Si0,; catalyst showed improved CO oxidation activity
in the presence and absence of hydrogen as compared to that
prepared by the conventional methods. However, we still
have a doubt whether the best composition of the supported
bimetallic Pt-Fe catalyst was found or not due to the limited
composition of the cluster precursor. On the other hand, the
chemical synthesis of self-assembled and monodispersed
PtFe alloy nanoparticles have been widely investigated for
the new generation ultra density magnetic storage [13-20].

It is interesting to develop novel supported chemically
disordered and/or ordered PtFe alloy nanoparticles and
deeply investigate their catalytic mechanism of the PROX
reaction by mainly using °’Fe Mdssbauer Mdssbauer
spectroscopy under various experimental conditions. In the
present study, the results of three kinds of novel alumina-
supported PtFe, (x = 1, 2 and 3) alloy nanoparticles, which
were prepared by modifying the reported chemical process
[13-20], are described for the enhanced activity and
selectivity at low temperatures (< 100 °C) for the PROX
reaction and for the structural characterization by using
>Fe Mossbauer Mossbauer spectroscopy and X-ray dif-
fraction (XRD).

2 Experimental
2.1 Material Preparation

The samples used in this study were described in Table 1.
One kind of PtFe alloy nanoparticles and three kinds of
alumina-supported PtFe, PtFe, and PtFe; alloy nanoparti-
cles were synthesized. Synthesis experiment of PtFe alloy
nanoparticles were carried out using Pt(acac), (acac =
acetylacetonato) and Fe(acac); purchased from Alfa com-
pany without any further purification. In short, first, the

Table 1 Compositions of the samples used in this study

Weight percent Pt/Fe mole ratio

PtFe nanoparticles PtFe
3%Pt/Al,05 -
2.58%Fe/Al,04 -
3%Pt-0.86%Fe/Al,05 PtFe/AlL,O3
3%Pt-1.72%Fe/Al,05 PtFe,/Al,05
3%Pt-2.58%Fe/Al,05 PtFes/Al,05

desired amounts of Pt and Fe precursors were dissolved in
100 cm® of ethylene glycol (analytic reagent) in a vessel
with reflux attachment; second, the vessel was placed in an
oil bath and the air gas in the vessel was replaced by Ar
gas; third, the mixed solution was mechanically stirred and
heated at a constant rate under Ar gas flowing and then kept
at 185 °C for 3 h. After cooling, the PtFe nanoparticles
were centrifugally separated, washed by ethanol, dried at
60 °C in vacuum over one night and then used to XRD and
Mossbauer Mossbauer characterizations.

Procedures for synthesizing the alumina-supported
PtFe, alloy nanoparticles were the same as that of the PtFe
alloy nanoparticles till the step keeping at 185 °C for 3 3 h.
After reducing the temperature to 100 °C, desired amounts
of the y-Al,O; support with a BET area of 227
227 m* m* g~ were added to the solution and continued
to mechanically stirred for 12 12 h under Ar flowing. The
alumina-supported PtFe, PtFe, and PtFe; alloy nanoparti-
cles were filtered by sucking, washed by ethanol, dried at
60 °C in vacuum over one night and then used to the
PROX reaction, XRD and Mossbauer Mossbauer charac-
terization. For a comparison, Pt/Al,O; and Fe/Al,03 were
also synthesized by the same process by only using the Pt
or Fe precursors.

2.2 XRD and >’Fe Méssbauer Characterizations

A conventional ANA analytical X’pert Pro Super model
diffractometer with Cu Ko radiation (4 = 1.5432 10\) was
used at room temperature for examining whether the as-
prepared PtFe nanoparticles are alloy or not. The °’Fe
Mossbauer spectra of the as-prepared materials were
recorded using a Topologic 500A spectrometer and a
proportional counter at room temperature. >’ Co(Rh) mov-
ing in a constant acceleration mode was used as radioactive
source. >’Fe MGossbauer spectral parameters such as the
isomer shift (IS), the electric quadrupole splitting (QS) and
the relative spectral areas of the different components of
the absorption patterns were evaluated.

2.3 Evaluation of Catalytic Performance

The catalytic performances to the PROX reaction over the
alumina-supported Pt, PtFe, PtFe, and PtFe; alloy nano-
particles were measured in a fixed-bed reactor at
atmospheric pressure using 100 mg of the catalysts heated
at He and H, atmospheres, respectively [9, 10]. The reac-
tion gas (2%CO+40%H,+1%0, balanced by He) passed
through the catalyst bed with a space velocity of
40,000 cm® g~' h™'. The inlet and outlet gas composition
was analyzed by an on-line gas chromatograph (Angilent
GC-8800) with a TCD (thermal conductivity) detector.
Before the catalytic performance measurement, the catalyst
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powder was pelletized and then sieved to obtain 40-60
mesh fractions. Quartz particles (120 mg) were added to
each of them to maintain the catalyst bed isothermal.
Moreover, the samples were separately pre-treated by
heating in a He and H, flowing atmospheres for 1 h at
400 °C before the PROX reaction. The CO conversion, O,
conversion and CO, selectivity were calculated as follows:

CO conversion (%) = [CO];,—[CO],,,/[CO]. x 100%
0, conversion(%) = [0,];,—[02],,,/[02],, % 100%

CO; selectivity(%) =
CO conversion (%)/0, conversion (%) x 100%

Where [CO]J;, and [CO],, are the concentration of CO
at the inlet and outlet, respectively. [O,];, and [O,], are
the concentration of oxygen at the inlet and outlet,
respectively.

3 Results and Discussion
3.1 Catalytic Performance

The effect of alumina-supported Fe alloyed with Pt cata-
lysts can be readily seen by comparing the CO conversion
of the PROX reaction over monometallic Pt and bimetallic
PtFe, alloy nanoparticles supported on y-Al,0O5, as shown
in Fig. la. Under our experimental conditions, the B
sample exhibited to be hardly active for the PROX reaction
at 40-120 °C. However, dramatic improvements were
observed in the CO conversion for the alumina-supported
PtFe, PtFe, and PtFe; alloy nanoparticles at 40-120 °C
after the addition of iron. The CO conversion increased
initially with the reaction temperature and had a maximum
of 41% at 120 °C, 49% and 33% at 100 °C for the alumina-
supported PtFe, PtFe, and PtFe; alloy nanoparticles,
respectively. The alumina-supported PtFe, alloy nanopar-
ticles showed the highest CO conversion at 40-100 °C
among the three alumina-supported bimetallic PtFe, sam-
ples. In addition, a relative steady-state CO conversion was
observed at 80-120 °C over the alumina-supported PtFe
and PtFe, alloy nanoparticles, which was higher than that
of the alumina-supported PtFe; alloy nanoparticles above
100 °C. Though the CO conversions for the three alumina-
supported bimetallic PtFe, samples were not higher than
that of Pt-Fe/Al,O5 [5], Pt-Fe/mordenite [4] and cluster-
derived PtFe/SiO, [7] catalysts, the promoting effect to the
PROX reaction was clearly confirmed due to the addition
of iron to Pt/Al,O; in the present study.

Another indicator that the three alumina-supported
bimetallic PtFe, samples promoted the PROX reaction was
reflected in their high selectivity for CO, at low tempera-
ture. As shown in Fig. 1b, comparing with that of the
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Fig. 1 CO conversion (a) and CO, selectivity (b) against reaction
temperature during the PROX reaction on Pt/Al,O3, PtFe/Al,0s;,
PtFe,/Al,03 and PtFes;/Al,O3 pretreated in H, at 400 °C for 2 h.
(Catalyst: 100 mg mixed with 120 mg quartz particles; reaction
gas: 2%CO+40%H,+1%0, balanced by He; space velocity:
40,000 cm® g=' b7

alumina-supported Pt catalyst, the CO, selectivity was
clearly improved at 40-80 °C. The CO, selectivity reached
to 90%, 59% and 74% for the alumina-supported PtFe,
PtFe, and PtFe; alloy nanoparticles at 40 °C, respectively.
Though the alumina-supported PtFe, alloy nanoparticles
showed the highest CO conversion, its CO, selectivity was
the lowest among the three alumina-supported bimetallic
PtFe, samples at 40-80 °C. It indicated that the relative
amounts of Pt and Fe (Pt/Fe atomic ratios) also influenced
the CO, selectivity.

3.2 XRD Characterization

The XRD results, as shown in Fig. 2, indicated that the
PtFe nanoparticles are pure chemically disordered face
central cubic (fcc) structure (Fig. 2a) with a lattice constant
of 3.849 A and annealing at 600 °C under N, atmosphere
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Fig. 2 X-ray diffraction patterns of the as-prepared PtFe alloy
nanoparticles before (a) and after (b) heat treatment also including
the standard patterns of the ordered fct PtFe alloy

induces the Pt and Fe atoms to rearrange into the long-
range chemically ordered face central tetragonal (fct)
structure as shown in Fig. 2b. It was consistent with that
reported so far [13—19] and clearly revealed that Fe alloyed
with Pt in the as-prepared PtFe nanoparticles. Figure. 2c
shows the standard patterns of the fct PtFe alloy. The broad
peaks shown in Fig. 2a originated from small diameter of
the as-prepared PtFe alloy nanoparticles, which its particle
size was estimated with Scherrer’s formula to be 2.1 nm.
By the way, the crystal structure of the A sample was stable
as confirmed by comparing the XRD patterns before and
after keeping the PtFe nanoparticles in air for one month.

3.3 37Fe Mossbauer Characterization

Mossbauer technique is effective to the identification of
catalyst components in terms of active phase or active sites
and search for correlations between these components and
one or more of the catalytic properties [21-28]. Here, >'Fe
Mossbauer spectroscopy was employed to characterize the
iron state in the as-prepared materials. Figure. 3 shows the
>7Fe Mossbauer spectra of the as-prepared alumina-sup-
ported PtFe, alloy nanoparticles at room temperature. For a
comparison, the PtFe nanoparticles and Fe/Al,O5; were also
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Fig. 3 °"Fe Mossbauer spectra of the as-prepared alumina-supported
PtFe, alloy nanoparticles at room temperature also including that of
the as-prepared fcc disordered PtFe alloy nanoparticles and Fe/Al,O3

characterized by °’Fe Mdssbauer spectroscopy. The spec-
trum of the PtFe nanoparticles was similar to that of the
alumina-supported PtFe, PtFe, and PtFe; alloy nanoparti-
cles, which mainly consist of one alloyed iron and one
ferric quadrupole doublet. The spectrum of the Fe/Al,O3
sample exhibited a different pattern, which consist of one
ferric and one ferrous quadrupole doublet. Small amounts
of ferrous component were also observed in the spectra of
the alumina-supported PtFe, PtFe, and PtFe; alloy nano-
particles. The ferrous component was possible to be
produced by the addition of acidic alumina support since it
was not observed in the spectrum of the Fe/Al,0O5; sample.

Taking into consideration on a very recent report that
small monodispersed FeO nanoparticles were synthesized
through reductive decomposition of Fe(acac); with oleic
acid and oleylamine both as surfactants and solvents at
220-300 °C [29], we can speculate that partial ferric irons
were only reduced and stabilized in ferrous state due to the
addition of y-Al,O5 even in the existence of a noble metal
promoter like Pt in the chemical process used in the present
study. This is reasonable since the ethylene glycol and
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Table 2 >’Fe Méssbauer parameters of PtFe alloy nanoparticles and

novel alumina-supported PtFe, alloy nanoparticles at room
temperature
Composition  Oxidation IS* Qs Spectral

state of iron  (mms~')  (mm sfl) area (%)°
PtFe Fe’* 0.32 0.96 50

Alloy 0.35 0.34 50
Fe/Al, O, Fe*™ 0.32 0.88 82

Fe?t 1.17 2.06 18
PtFe/AlL O3 Fe** 0.30 0.91 50

Fe?* 1.15 1.99 3

Alloy 0.35 0.35 47
PtFe,/ALLO;  Fe’* 0.33 0.87 75

Fe?* 1.16 2.02 10

Alloy 0.33 0.32 15
PtFe;/AlL O3 Fe*™ 0.32 1.04 60

Fe?* 1.05 1.95 15

Alloy 0.18 0 25

TS, isomer shift; ® QS, electric quadrupole splitting; © Uncertainty
is 5% of reported value

oleic acid or oleylamine are relatively soft reducer. The
results also implied that a strongly chemical interaction
existed between the support of y-Al,O3 and the PtFe alloy
nanoparticles.

Table 2 lists the evaluated °’Fe Mossbauer parameters.
The relative resonance area of the ferrous species
decreased in the increase of Pt molar fractions contained in
the as-prepared catalysts, i.e. Fe’" in PtFe/Al,O; < PtFe,/
Al,O5; < PtFes/Al,0; < Fe/Al,O3, Pt molar fraction in
PtFe/A1203 > PtFez/A1203 > PtFC3/A1203 > FC/A1203. Itis
known that noble metal like Pt can enhance the reduction
of iron intimately contacting with them in the supported
bimetallic catalysts [21]. The phenomenon was confirmed
here by the °’Fe Mdssbauer technique. The IS and QS
values of the alloyed iron were evaluated to be 0.35 and
0.35 mm s~ ' for the PtFe/Al,0O3 sample, 0.33 and
0.32 mm s~ ' for the PtFe,/Al,O; sample and 0.18 and
0 mm s~ ! for the PtFe;/Al,03 sample. It means that the s-
density at the iron nuclear position in the PtFe/Al,O3 and
PtFe,/Al,05 samples is smaller than that of the PtFes/
Al,O3 sample, however, the symmetry of the charge dis-
tribution at the iron nuclear position in the PtFe;/Al,O3
sample is higher than that of the PtFe/Al,O; and PtFe,/
Al,O5 samples [28]. These 57Fe Méssbauer results clearly
indicated that the PtFe, PtFe, and PtFe; nanoparticles
supported on the alumina were still maintained in the
alloyed state.

Comparing with the Mossbauer results of the catalysts
with the same or similar composition prepared by the
conventional method, the °’Fe spectrum shapes of the Fe/
Al,O3, PtFe/Al,O3, PtFe,/Al,O5 and PtFe;/Al,O3 samples
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are more similar to that reduced in H, atmosphere above
400 °C [21, 23, 24, 26]. As reported so far, all of the
alumina-supported Fe and Pt-Fe catalysts prepared initially
by the conventional method contained iron only in the
ferric state, the metallic iron and/or ferrous components
appeared after the H, or CO reduction, as determined by
"Fe Mossbauer spectroscopy [21]. XAFS characterization
of the as-prepared Pt-Fe/zeolite catalyst, which was noted
as “ion-exchanged” catalyst by Kotobuki et al., also
showed that Fe existed only as Fe’" before the H, pre-
treatment and the PROX reaction [5]. However, the as-
prepared alumina-supported PtFe, alloy nanoparticles in
the present study contained iron not only in the ferric state
but also in the alloyed iron and ferrous states. Furthermore,
the oxidation states of iron in the as-prepared samples were
stable, which was also confirmed by the Mossbauer results
of the PtFe nanoparticles keeping in air before and after
one month.
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Fig. 4 CO conversion (a) and CO, selectivity (b) against reaction
temperature during the PROX reaction on PtFe/Al,O3 separately
heated in He and H, at 400 °C for 2 h. (Catalyst: 100 mg mixed with
120 mg quartz particles; reaction gas: 2%CO+40%H,+1%0, bal-
anced by He; space velocity: 40,000 cm® g_l hh
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Fig. 5 CO conversion (a) and CO, selectivity (b) against reaction
temperature during the PROX reaction on PtFe,/Al,0; separately
heated in He and H, at 400 °C for 2 h. (Catalyst: 100 mg mixed with
120 mg quartz particles; reaction gas: 2%CO+40%H,+1%0, bal-
anced by He; space velocity: 40,000 em® g™! hh

The catalytic performance over the PtFe/Al,03, PtFe,/
Al,O5; and PtFe;/Al,O3 samples were also investigated
without the H, reduction. The results indicated that at the
low temperature range, there was no large difference in the
activity and product selectivity within the experimental
error over the PtFe/Al,Os, PtFe,/Al,O3 and PtFes/Al,O5
samples as shown in Figs. 4, 5, 6. It implied that the PtFe/
Al,O3, PtFe,/Al,O5 and PtFe;/Al,O5 samples are not reg-
ularly reduced at one high temperature before the PROX
reaction. That is to say, they are essentially active to the
PROX reaction before the pretreatment of the H, reduction
or we can say that they are readily activated as compared to
the conventionally prepared one. It was known that the H,
pretreatment of the iron-containing catalysts is for reducing
the surface ferric species into ferrous and/or metallic iron
species and then activating them.

Taking into consideration of the results obtained from
XRD and Mossbauer Mossbauer characterization and the

81
a) 60
( ) —H— PtFe3/Al,05 He
—@— PtFey/Al,03 H,
B 40
~
=
2
w
1=
L
>
=
)
Q
o L
) 20
0 1 1 1 1
40 80 120 160 200
Temperature/°C
100
(b) —8—PtFe /ALO, He
—®—PtFe /ALO, H,
80
?
~
> 60
=
=
=}
153
D
)
© 40
Qo
Q
20
1 " 1 " 1 " 1 " 1

40 80 120 160 200
Temperature/°C

Fig. 6 CO conversion (a) and CO, selectivity (b) against reaction
temperature during the PROX reaction on PtFe;/Al,0; separately
heated in He and H, at 400 °C for 2 h. (Catalyst: 100 mg mixed with
120 mg quartz particles; reaction gas: 2%CO+40%H,+1%0O, bal-
anced by He; space velocity: 40,000 cm® g=' h™!)

catalytic performance, we can conclude here that the three
alumina-supported PtFe, alloyed catalysts are clearly dif-
ferent in the architectures and the oxidation state of iron as
compared with that reported so far. These differences are
available to change somewhat the catalytic mechanism in
the PROX reaction over the alumina-supported Pt-Fe
bimetallic catalyst. Further, the as-prepared PtFe/Al,Oj3,
PtFe,/Al,O3 and PtFe;/Al,05 samples are active to the
PROX reaction even without the reduction pretreatment.
Up to know, a noncompetitive dual site mechanism has
been proposed for the PROX reaction over the supported
bimetallic Pt-Fe catalyst [4-6, 8]. It means that platinum
site in Pt° state acts as CO adsorption site and iron site in
FeO, or Fe°® state as an O, dissociative-adsorption site
enhances the surface reaction between the reactants on the
neighboring sites. The catalytic performance was found to
be more active due to the cluster formation between Pt and
Fe as compared to the conventionally prepared one [8]. The
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reason was concluded not only due to the higher degree of
metal dispersion and homogenous mixing of the metals but
also due to the direct bonding between Pt atoms and Fe""
ions or reduced Fe® atoms. Here, the noncompetitive dual
site. mechanism was also considered to be suited to the
three alumina-supported PtFe, alloyed catalysts. The pre-
pared catalysts in the present study should have a narrower
size distribution (between 1.5 and -3.5 nm confirmed by
HRTEM) and more homogeneous composition due to the
employment of the special chemical process and the
organic salt as the precursors. The Pt atoms should be more
intimately contacted with that the Fe atoms since the Pt
atoms alloyed with Fe. These should be benefit to improve
the catalytic performance in the PROX reaction over the
bimetallic Pt-Fe catalyst.

4 Conclusion

In conclusion, PtFe/Al,O5, PtFe,/Al,O5; and PtFes/Al,O5
materials prepared from Pt(acac),, Fe(acac); and ethylene
glycol as a soft reducer in Ar at 185 °C were confirmed to
be more active for the PROX reaction as compared to that
of Pt/Al,O3 material prepared by the same chemical route.
The XRD and °’Fe Mossbauer results indicate that PtFe,
PtFe, and PtFe; nanoparticles supported on alumina are in
high dispersion and exist as alloyed state. The oxidation
states of iron contained in them are not only in the alloyed
Fe® state but also in the ferric and ferrous states as deter-
mined by >’Fe Massbauer spectroscopy. Comparing with
that of the PtFe alloy nanoparticles, the ferrous component
appeared in °’Fe Mdssbauer spectra of the alumina-sup-
ported Fe, PtFe, PtFe, and PtFe; alloy nanoparticles, which
implies that the strongly chemical interaction exists
between the nanoparticles and the y-Al,O; support. The
relative resonance area of the ferrous species decreased in
the increase of Pt molar fractions contained in the as-pre-
pared catalysts, indicating that Pt can enhance the
reduction of iron intimately contacting with them. There
were no large difference in the activity and product
selectivity within the experimental error over PtFe/Al,O3,
PtFe,/Al,03 and PtFes/Al,05 treated in H, as compared to
that treated in He at 400 °C. These results clearly proved
that the novel as-prepared PtFe/Al,Os;, PtFe,/Al,03 and
PtFe;/Al,O5; materials are different in the architecture and
the oxidation state of iron as compared to the conven-
tionally prepared one. These differences are reasonable to
lead their catalytic performance and mechanism changed
somewhat. The present study is essentially benefit to
obtaining a completed exploration on the catalytic mech-
anism of the PROX reaction over the bimetallic Pt-Fe
catalyst.
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