
P
c

S
I

a

A
R
R
A
A

K
H
L
H
P
P

1

i
h
f
r
a
l
a
l
t
c
i
c

m
h
u
t
p
r
o
c
m
P

0
d

Journal of Hazardous Materials 209– 210 (2012) 478– 483

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

j our na l ho me p age: www.elsev ier .com/ locate / jhazmat

reparation  and  characterization  of  hydrophobic  Pt–Fe  catalysts  with  enhanced
atalytic  activities  for  interface  hydrogen  isotope  separation

heng  Hu ∗, Jingwei  Hou,  Liangping  Xiong,  Kuiping  Weng,  Xingbi  Ren,  Yangming  Luo
nstitute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621900, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 2 October 2011
eceived in revised form 17 January 2012
ccepted 17 January 2012
vailable online 24 January 2012

a  b  s  t  r  a  c  t

Liquid  phase  catalytic  exchange  reactions  are  mainly  used  for  separation  of  hydrogen  isotopes  from  liquid
water. Based  on  the  carbon-supported  Pt and  Pt–Fe  catalysts,  different  hydrophobic  Pt  and  Pt–Fe  cata-
lysts  were  fabricated  for  use  in  such  reactions.  The  characterization  results  indicated  the  Pt–Fe  alloy  was
formed  in  the  Pt3Fe/C catalyst  prepared  using  a citric-acid-assisted  NaBH4 reduction  method  (CA-NaBH4).
However,  there  were  more  Fe  oxide  species  and  the  Fe  components  existed  independently  in the  Pt3Fe/C
eywords:
ydrophobic catalyst
iquid phase catalytic exchange
ydrogen isotope separation

catalyst  prepared  by  the  modified  microwave-irradiated  ethyl  glycol  reduction  procedure  (MI).  Perfor-
mance tests  demonstrated  that  the  activities  of  the  hydrophobic  Pt–Fe  catalysts  with  appropriate  Fe/Pt
ratios, using  the  MI  method,  were  enhanced  because  of  the  addition  of  Fe.  In contrast,  the  hydrophobic
Pt3Fe  catalyst  prepared  using  the  CA-NaBH4 method  had  lower  catalytic  activity  than  pure  Pt.  Possible

y rea
t–Fe/C
t–Fe alloy

reasons  were  explained  b

. Introduction

Large amounts of tritiated water are unavoidably produced dur-
ng activities such as spent-fuel reprocessing, the operation of
eavy-water reactors, and the operation of fusion reactors in the

uture [1–11]. From the viewpoints of safety and economy, tritium
ecovery from this tritiated water is necessary. Liquid phase cat-
lytic exchange (LPCE), i.e. hydrogen isotope exchange between
iquid water and gaseous hydrogen, is an efficient reaction for sep-
ration of tritium from tritiated water [1–4]. This procedure has
ower energy consumption and higher equilibrium separation fac-
ors for hydrogen isotopes than those of conventional vapor phase
atalytic exchange reactions [1–4]. Hydrophobic catalysts are used
n LPCE. Because of the waterproofing property of the hydrophobic
atalyst, the reactions can proceed smoothly [5–11].

Pt, which is expensive, is widely accepted as the most active
etal for LPCE and now is mainly used for preparation of the

ydrophobic catalysts. Some efforts have been made to reduce the
se of Pt in hydrophobic catalysts. A major approach is to optimize
he method of fabricating the hydrophobic catalysts and to pre-
are highly dispersed Pt-based catalysts [5,7]. Another approach to
educing preparation costs is the addition of an appropriate amount
f other components, such as Ir, Ru, Cr, or Ti [5,6,10]. The LPCE

atalytic activities of Pt–Ir-alloy catalysts, with appropriate Pt/Ir
olar ratios, are higher than those of catalysts containing only

t [5].  However, the introduction of Ru, either as an alloy or as a

∗ Corresponding author. Tel.: +86 816 2494379; fax: +86 816 2495280.
E-mail address: husheng@126.com (S. Hu).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.058
ction  mechanisms  of  double  routes  of  LPCE  catalysis.
© 2012 Elsevier B.V. All rights reserved.

hydrous oxide, can improve the catalytic activity of pure Pt [6]. Li
also reported that the LPCE catalytic activities of Pt–Cr and Pt–Ti
catalysts are higher than those of Pt catalysts [10]. Moreover, Pt–Ti
catalysts exhibit good stability.

Recently, carbon-supported Pt–Fe catalysts have been inten-
sively studied for use in fuel cells [12–15].  Pt–Fe alloy catalysts were
found to have good electrocatalytic performances for methanol,
ethanol, and formic acid electrooxidation [12–14].  The activities
of Pt/C catalysts toward oxygen reduction reactions can also be
increased by controlling the Pt particle size, using FeCl3 as an addi-
tive [15]. The Fe existed only as impurities, not in an alloyed form
in the Pt–Fe/C catalysts.

In our study, Fe was  introduced into pure Pt to fabricate
hydrophobic catalysts. First, carbon-supported Pt and alloying and
non-alloying Pt–Fe catalysts were prepared by two different meth-
ods. The carbon-supported catalysts were then loaded onto an
inert carrier to obtain hydrophobic catalysts. Polytetrafluoroethy-
lene (PTFE) with a low surface energy was  used to waterproof the
catalyst. Finally, the LPCE activities of the hydrophobic Pt and Pt–Fe
catalysts were tested and compared. The effects of Pt–Fe alloying
and compositions on LPCE catalytic activities were investigated in
detail. The reasons for the increased activities were analyzed.

2. Experimental

2.1. Synthesis of Pt/C and Pt–Fe/C catalysts
Carbon-supported Pt and Pt–Fe were prepared by two synthesis
strategies, namely microwave-irradiated ethyl glycol (EG) reduc-
tion (MI) and citric-acid-assisted NaBH4 reduction (CA-NaBH4).

dx.doi.org/10.1016/j.jhazmat.2012.01.058
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:husheng@126.com
dx.doi.org/10.1016/j.jhazmat.2012.01.058
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2PtCl6·6H2O and FeCl2·4H2O were used as precursors of the Pt
nd Pt–Fe catalysts, and Vulcan XC-72R carbon black (Cabot Corp.,
oston, MA,  USA) was used as the catalyst support. The Pt con-
ents of all the carbon-supported Pt and Pt–Fe catalysts were fixed
t 20 wt%. The obtained catalysts were denoted by Pt-preparation
ethod or Pt–Fe-preparation method. Thus, Pt-MI corresponds to

he Pt/C catalyst prepared by the MI  method.
For the MI  synthesis [5,6], 300 mg  of carbon were ultrasonically

ispersed in 30 mL  of EG, followed by addition of an EG solution of
he precursors to the suspension under constant stirring. The pH of
he mixture was adjusted to 12.3 using a 1 mol  L−1 NaOH aqueous
olution. The synthesis solution was heated to 190 ◦C at a heat-
ng rate of 140 K min−1 in a closed ETHOS T microwave labstation
Milestone Inc.). The temperature was then maintained at 190 ◦C for

 min. After cooling to ambient temperature, the resulting carbon-
upported catalyst was filtered and washed with copious amounts
f water. The collected catalyst was dried at 105 ◦C for 4 h.

For the CA-NaBH4 procedure, 600 mg  of carbon, and the precur-
or and sodium citrate in a molar ratio of 1/10 were ultrasonically
ispersed in 100 mL  of EG. The pH of the synthesis solution was
djusted to 8. After constant stirring for 1 h, the mixture was heated
o 60 ◦C. A fresh NaBH4 aqueous solution was added to the solution
nder stirring. Stirring was continued for another 2 h. After cooling
o ambient temperature, the resulting catalyst powder was  filtered,
ashed, and dried.

.2. Characterization of carbon-supported catalysts

X-ray diffraction (XRD) analyses were carried out using a
X-2600 SSC diffractometer (Cu K� radiation, � = 1.5405 Å) at a

canning rate of 1.2◦ min−1 from 10◦ to 90◦. Transmission elec-
ron microscopy (TEM) images were obtained with a JEOL JEM
010 transmission electron microscope operated at 300 kV. X-ray
hotoelectron spectroscopy (XPS) analyses were performed on an
SCALAB 250 spectrometer. Narrow-scan photoelectron spectra of
t 4f and Fe 3p were recorded and deconvoluted by XPSPEAK (ver-
ion 4.1).

.3. Fabrication of hydrophobic catalysts

As described in our previous work [5–7], a porous foamed-nickel
FN) material (2.5 mm thick, 110 PPI, 500 g m−2) was used as an
nert carrier for the hydrophobic catalysts. First, a stable slurry of
he carbon-supported catalyst and polytetrafluoroethylene (PTFE)
as prepared. The mixed slurry was then loaded onto the FN car-

ier, followed by drying and calcining at different temperatures to
roduce the hydrophobic catalyst. PTFE is used to bind the carbon-
upported catalyst with the FN and to waterproof the catalyst. The
ydrophobic catalysts were denoted by Pt-preparation method-H
r Pt–Fe-preparation method-H.

.4. Hydrophobic catalyst activity tests

Hydrophobic catalyst activity measurements were performed in
 jacketed glass column of internal diameter 16 mm.  Thermostati-
ally controlled water (50 ◦C) was passed through the glass jacket to
aintain a constant temperature over the column. The hydropho-

ic catalyst and an inert packing of Dixon phosphor bronze gauze
ings were mixed homogeneously and used to fill the column.
he volume ratio of the catalyst to the packing was  1/4. Deuter-
ted water (D/H atomic ratio = 2.30 × 10−2) and natural hydrogen

team (D/H atomic ratio = 1.36 × 10−4) were fed into the reaction
olumn counter-currently. The HD concentrations in the hydrogen
as at the reaction column inlet and outlet were analyzed with an
gilent 6890N gas chromatograph. The catalytic performance was
rials 209– 210 (2012) 478– 483 479

evaluated by the column efficiency � of the isotope-exchange col-
umn  [5–7].

3. Results and discussion

3.1. Characterization of carbon-supported catalysts

Pt/C and Pt–Fe/C catalysts were prepared, using the MI and CA-
NaBH4 methods. After the synthesis reaction and filtration, the
filtrate was  all colorless and transparent for the two  processes. This
indicates that the PtCl62− and Fe2+ ions reacted almost completely,
and that the obtained particles were mostly loaded onto the carbon
carrier.

TEM images of the resulting catalysts and the correspond-
ing particle size histograms, based on analysis of more than 200
nanoparticles, are shown in Fig. 1. Most of the Pt and Pt–Fe
nanoparticles were uniformly dispersed on the surface of the car-
bon supports in all these catalysts. For the MI procedure, the mean
particle sizes were all small (1.9 nm for the pure Pt catalyst; 2.0 nm
for the Pt4Fe catalyst; 2.0 nm for the Pt3Fe catalyst; 2.1 nm for the
Pt2Fe catalyst; and 2.4 nm for the PtFe catalyst), and highly dis-
persed Pt and Pt–Fe catalysts were obtained. The Pt–Fe particle size
increased with increasing Fe/Pt atomic ratio. The majority of the Pt
particles varied from 0.5 to 3.5 nm for Pt-MI. However, some metal
particles ranging from 4 nm to 5.5 nm in size can be observed for
PtFe-MI. This indicates that the particle size distribution broadened
with the addition of Fe.

The MI  method has been widely used for preparing differ-
ent carbon-supported Pt-based catalysts [5,6,16–19].  It has been
reported that the heating rate and the pH of the synthesis solu-
tion are two  important influencing factors on the dispersion of
the resulting catalyst [5].  A very fast heating rate and increased
pH commonly produce highly dispersed catalysts. In this proce-
dure, EG acts as the reducing agent. The Pt and Fe precursors are
reduced to metallic Pt and Fe at high temperatures and the solution
quickly becomes supersaturated with Pt and Fe metals. Metallic
nuclei are thus formed and further grain growth results in the for-
mation of nanoparticles. A very fast heating rate results in high
supersaturation and a large number of nuclei; consequently, the
particle sizes are small. EG is mainly oxidized to glycolic acid. How-
ever, glycolate, not glycolic acid, is a good stabilizer for metallic
nanoparticles [18,19]. The glycolate concentration decreases with
decreasing synthesis solution pH. Therefore, the particle sizes of
the resulting catalysts decrease with increasing reaction solution
pH. In this work, the Pt and Pt–Fe catalysts were prepared at a pH
of 12.3 and at a very fast heating rate of 140 K min−1. Thus, highly
dispersed Pt and Pt–Fe particle sizes were obtained.

NaBH4 reduction is also a conventional preparation method for
carbon-supported catalysts [20–24].  Generally, the metallic cata-
lysts obtained have large particle sizes. For the CA-NaBH4 method,
EG was  used as the reaction solvent, instead of methanol, ethanol, or
water [20]. EG is also an excellent dispersing medium for metal par-
ticles. The [PtCl6]2− and Fe2+ ions were reduced to metallic Pt and
Fe by the NaBH4. CA, a stabilizer of the Pt and Pt–Fe particles, was
introduced to decrease the Pt and Pt–Fe nanoparticle sizes [20,23].
During the reduction process, three carboxyl anions of CA were
adsorbed on these metal nanoparticles. As a result, the repulsive
forces between the negatively charged particles prevented particle
growth and agglomeration [23]. Pt-MI and Pt3Fe-MI were therefore
more highly dispersed than the catalysts prepared by the ordi-

nary NaBH4 reduction method. However, EG cannot be reduced
to glycolic acid at the reaction temperature (60 ◦C) used in the CA-
NaBH4 method, and hence CA was  the only stabilizer. Fig. 1 shows
that the mean nanoparticle sizes of the two  catalysts were 2.3 nm
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Fig. 1. TEM images and particle size distributions for Pt-CA-NaBH4 (a), Pt3Fe-CA-

nd 2.9 nm,  respectively. The two catalysts still had slightly bigger
article sizes than the corresponding Pt-MI and Pt3Fe-MI.

The XRD patterns of the carbon-supported Pt and Pt–Fe cata-
ysts are shown in Fig. 2. The characteristic diffraction peaks of
he face-centered cubic (fcc) crystal structure are clearly seen in
he XRD patterns of Pt-CA-NaBH4 and Pt3Fe-CA-NaBH4. The Pt and
t–Fe catalysts prepared by the MI  method had distinctly broader
iffraction peaks, and the two peaks of the (1 1 1) and (2 0 0) crys-
alline planes almost merged into one single peak. Thus, according
o the Scherrer formula, these catalysts had smaller mean particle
izes than those of Pt-CA-NaBH4 and Pt3Fe-CA-NaBH4. This result
s consistent with the TEM analysis.

The (2 2 0) diffraction peaks, which are not influenced by the
arbon support, were used to determine whether Pt–Fe alloy par-
icles were formed in these Pt–Fe catalysts. The (2 2 0) diffraction
eak of the two Pt catalysts and the Pt–Fe catalysts prepared by
he MI  method were all at about 67.5◦. The Bragg formula was used
o calculate the lattice parameters. The lattice parameters of these
atalysts were approximately 0.3926 nm.  This indicates that there
ere almost no Pt–Fe alloy particles in the Pt–Fe catalysts prepared

y the MI  method. However, the (2 2 0) diffraction peaks were dis-
inctly shifted to a higher angle, 68.4◦, for Pt3Fe-CA-NaBH4 and the
attice parameter was 0.3875 nm.  It can be seen that a Pt–Fe alloy
as formed in Pt3Fe-CA-NaBH4.
The Pt and Fe precursors had different redox potentials in

G and could not be reduced to metallic Pt and Fe at the same
ime in the MI  method. Pt–Fe alloy particles were therefore not
4 (b), Pt-MI (c), Pt4Fe-MI (d), Pt3Fe-MI (e), Pt2Fe-MI (f), and PtFe-MI (g) catalysts.

easily formed. Sodium citrate can coordinate strongly via its car-
boxyl groups. When sodium citrate was  introduced, Pt and Fe
chelate-type complexes were formed [20,23]. The redox potentials
of the Pt and Fe precursors were also changed and became close
to each other. The two precursors could be synchronously reduced.
Thus, the Fe atoms partly entered into the Pt lattice [25–27] and a
Pt–Fe alloy was found in Pt3Fe-CA-NaBH4.

XPS was  used to analyze the surface chemical states of the metal
particles in the Pt/C and Pt3Fe/C catalysts. Fig. 3 presents the XPS
spectra for the Pt 4f region. The Pt 4f signal can be deconvoluted
to three pairs of doublets (Pt 4f7/2 and Pt 4f5/2) in all of the cat-
alysts [28]. The first doublet pair at 71.4–71.5 eV (Pt 4f7/2) and
74.7–74.8 eV (Pt 4f5/2) is assigned to metallic Pt. The doublet with
binding energies of 72.4 eV and 75.5–75.8 eV is attributed to PtO
or Pt(OH)2. The additional peaks (73.7–73.8 eV and 77.3–77.4 eV)
arise from higher oxidation species, PtO2.

Fig. 4 shows the XPS spectra for the Fe 2p region. The peaks of Fe
2p3/2 (about 711 eV) and Fe 2p1/2 (about 721 eV) can be observed.
The intensities of the two peaks were very weak, and the Fe 2p1/2
peak suffered serious interference by the Pt 4s peak (about 726 eV).
The relative contents of the Fe components with different valence
states cannot be accurately analyzed. However, it can be qualita-
tively determined that the Fe 2p3/2 peak for Pt3Fe-CA-NaBH4 had

a slightly lower binding energy than that for Pt3Fe-MI. Thus, there
were more Fe oxides species in the Pt3Fe-MI catalyst.

The binding energies of the Pt components and their relative
intensities are listed in Table 1. During the preparation of the
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Fig. 3. Deconvoluted Pt 4f XPS core level spectra of the Pt/C (a and b) and Pt3Fe/C (c
and  d) catalysts prepared by different methods: MI  (a and c) and CA-NaBH4 (b and
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Fig. 4. Fe 2p XPS core level spectra of the Pt3Fe/C catalysts prepared by different
methods: CA-NaBH4 (a) and MI  (b).
BH4 method. The inset shows the (2 2 0) diffraction peaks of the two catalysts. (B)
repared by the MI  method.

carbon-supported Pt–Fe catalysts, most Pt and Fe precursor ions
were reduced to metallic species in the synthesis solution. The
obtained Pt and Pt–Fe catalysts were exposed to air during sub-
sequent operations such as drying at 105 ◦C. The metallic Pt and Fe
existing in the nanoparticles would be partially oxidized in these
steps. The metallic Fe was more easily oxidized than the metallic
Pt. The oxidation of the metallic Fe would hold back the oxidation
of the metallic Pt to some extent. Thus, The Pt–Fe catalyst had more
metallic Pt species than did the Pt catalyst prepared by the same
procedure. In Pt3Fe-MI, there were no alloyed Pt–Fe particles and
the Fe particles existed independently. It can be deduced that most
Fe particles in the size range 0.5–5.5 nm would be oxidized, and
that the Fe would exist mainly as oxides.

3.2. Performances of hydrophobic catalysts

The Pt/C and Pt–Fe/C catalysts prepared by the MI and CA-NaBH4
methods were loaded onto an FN carrier to fabricate hydropho-
bic catalysts. The catalytic activities of the obtained hydrophobic
catalysts were tested for LPCE. As shown in Fig. 5, the catalytic
activity of Pt-MI-H was higher than that of Pt-CA-NaBH4-H. During
the preparation of Pt-CA-NaBH4, the CA, a strong capping agent,
can adsorb on the surface of the Pt nanoparticles and cover some
active sites. Consequently, the activity of the Pt-CA-NaBH4-H would
be reduced [20]. However, our previous research proved that the

CA has little influence on the activities of the resulting hydropho-
bic catalysts because of the post-treatment at high temperature
[29]. The Pt-MI-H catalysts had smaller Pt particle sizes and larger

Table 1
Binding energies and relative intensities of various species as obtained from the Pt
4f  XPS spectra of the Pt/C and Pt3Fe/C catalysts prepared by different methods.

Catalyst sample Pt species Binding energy (eV) Relative intensity (%)

Pt-CA-NaBH4 Pt0 71.5, 74.8 46.3
Pt2+ 72.4, 75.8 35.5
Pt4+ 73.7, 77.4 18.1

Pt3Fe-CA-NaBH4 Pt0 71.5, 74.8 49.9
Pt2+ 72.4, 75.8 32.9
Pt4+ 73.7, 77.4 17.2

Pt-MI Pt0 71.4, 74.7 40.9
Pt2+ 72.4, 75.6 32.9
Pt4+ 73.8, 77.4 26.1

Pt3Fe-MI Pt0 71.3, 74.7 42.7
Pt2+ 72.4, 75.5 31.2
Pt4+ 73.7, 77.3 26.5
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ig. 5. Catalytic activities of hydrophobic Pt catalysts prepared by MI  and CA-NaBH4

ethods.

eaction interfaces than did Pt-CA-NaBH4-H. This is the main reason
hy Pt-MI-H showed higher LPCE catalytic activity [7].

The activities of the two hydrophobic Pt3Fe catalysts were
nalyzed and compared with those of the pure Pt hydrophobic cat-
lysts. As shown in Fig. 6, the activity of Pt3Fe-MI-H was  enhanced
s a result of the addition of a second element, Fe. However, the cat-
lytic activity of Pt3Fe-CA-NaBH4-H was slightly lower than that of
t-CA-NaBH4-H.

Based on the MI  methods, hydrophobic Pt–Fe catalysts with
ifferent Fe/Pt molar ratios were fabricated. Each hydrophobic cat-
lyst had an equal weight percentage of Pt. Fig. 7 presents the LPCE
atalytic activities of these hydrophobic catalysts. It can be seen that
ll the hydrophobic catalysts, with Fe/Pt molar ratios ranging from
/4 to 1/1, had higher catalytic activities than that of Pt-MI-H. The
t3Fe-MI-H catalyst showed the highest column efficiency under
he same experimental conditions. The activities of the hydropho-
ic catalysts decreased with further decreases or increases in the
e/Pt molar ratio.

The pure Pt hydrophobic catalysts contain metallic Pt and Pt
xides. According to previous reports [5,6], there are two reaction
athways on the different Pt species for LPCE. On the surface of
etallic Pt, water molecules cannot be dissociated to OA and A

A represents a hydrogen isotope atom) [30–32].  The hydrogen iso-

ope exchange reaction occurs via hydrated intermediates such as
5O2

+, A7O3
+, and A9O4

+ (Route 1) [33]. There is also another reac-
ion pathway on the Pt oxides. As a result of dissociation of the
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Fig. 7. Catalytic activities of Pt-based and Pt–Fe-based hydrophobic catalysts with
different Fe/Pt molar ratios at different hydrogen gas fluxes: 2 L min−1 (a) and
4 L min−1 (b).

water molecules, the reaction happens through direct exchange of
the formed hydrogen isotope atoms (Route 2). Reaction Route 1 is
the primary reaction pathway for LPCE. However, the two reaction
routes can be promoted by one another.

As discussed above, a Pt–Fe alloy is formed in the Pt3Fe-MI-
H catalyst. As a consequence, the electronic structure of the Pt
would be changed. The LPCE reaction rate was also influenced by
the primary reaction pathway, namely Route 1. This may  be why
the catalytic activity of Pt3Fe-MI-H was  lower than that of Pt-MI-H.
Further research is necessary to elucidate the details of the reaction
mechanism.

For Pt3Fe-MI-H, there were no alloyed Pt–Fe particles and the
Fe existed mostly as oxides. Water molecules are easily dissoci-
ated on the surface of Fe oxide species. The addition of Fe oxide
species will facilitate Route 2, and hence the reaction rate via Route
2 will be accelerated [6].  Simultaneously, a spillover transfer effect
of OA from M OA (M is a Fe oxide species) to metallic Pt will take
place [34–36].  Thus, Route 1 is promoted by Route 2, which results
in enhanced activity of the Pt3Fe-MI-H catalyst. It has also been
reported that the introduction of hydrous Ru oxide can improve the
LPCE catalytic performance of pure Pt [6].  Fe oxides and hydrous Ru
oxides have similar effects.

4. Conclusions

Carbon-supported Pt and Pt–Fe catalysts were prepared by the
MI and CA-NaBH4 methods. Highly dispersed Pt/C and Pt–Fe/C
catalysts were obtained. Pt-CA-NaBH4 and Pt3Fe-CA-NaBH4 had
slightly larger mean particle sizes. A Pt–Fe alloy was formed in
Pt3Fe-CA-NaBH4 as a result of the introduction of the strong chelat-
ing agent CA in the reaction solution. More Fe oxides species
therefore existed in Pt3Fe-MI than in Pt3Fe-CA-NaBH4.

The corresponding hydrophobic catalysts were then fabricated
and the catalytic activities were tested for LPCE. The activities of the
Pt-Fe-MI-H catalysts with different Fe/Pt molar ratios increased as
a result of the addition of Fe; Pt3Fe-MI-H had the highest catalytic
activity. This was explained by the reaction mechanisms of the
double route for LPCE catalysis. However, the catalytic activity of
Pt3Fe-CA-NaBH4-H was slightly lower than that of Pt-CA-NaBH4-H.
The formation of a Pt–Fe alloy was a possible reason.
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