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FBimetallic Pt-Metal catalysts for the decomposition of methanol: Effect of
secondary metal on the oxidation state, activity, and selectivity of Pt

Jason R. Croy a, S. Mostafa a, L. Hickman a, H. Heinrich a,b, B. Roldan Cuenya a,*
a Department of Physics, University of Central Florida, Orlando, FL 32816, United States
b Center of Advanced Materials Processing and Characterization, University of Central Florida, Orlando, FL 32816, United States

1. Introduction

Pt-Metal (Pt-M) bimetallic catalysts are important in a variety
of applications ranging from fuel cells [1] to thermal coatings [2]. In
addition, recent years have witnessed a surge in the interest of
methanol (MeOH), especially as a potential storage fuel for
hydrogen, ultimately used for the production of electricity in
on-board applications such as the direct methanol fuel cell (DMFC),
portable electronics, or stationary power generation. These
applications potentially involve electro-oxidation, steam reform-
ing, and the direct decomposition of MeOH, each encompassing
unique reaction conditions [3].

In order to take advantage of Pt-M systems in the design of new
catalysts for any of these applications, the structural, chemical,
and electronic modifications, brought about by the addition of
secondary metals [4–11], need to be fully understood. In

particular, the surface compositions of such catalysts
influenced by a number of factors. Besides such familiar prop
ties as surface energy, atomic volume, and heats of sublimat
nanoscale systems require additional considerations.
instance, it has been shown theoretically that Pt atoms m
preferentially segregate to sites of low (edges, vertices, etc.
high (facets) coordination depending on the structure of
particles as well as the metal M [12]. In addition, the presenc
oxygen has been shown to heavily influence atomic segregatio
nanoparticles (NPs), and the presence of metal M on the
surface can affect the stability of oxide species on ac
nanocatalysts [13,14]. In reference to fuel cells, alloying Pt w
metals such as Fe, Ru, Ni, Co, as well as others, has been reporte
enhance the oxygen reduction reaction (ORR) [5,6], incre
activity [15], and enhance resistance to CO poisoning [16]
connection with the latter, Pt-Ru catalysts are known to
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We present here a study of methanol (MeOH) decomposition over a series of bimetallic Pt-M catal

with M = Au, Pd, Ru, Fe. All samples have the same initial size distribution (�3 nm nanoparticle heig

support (ZrO2), and preparation conditions. Therefore, differences in the electronic and cata

properties of the samples tested are related directly to the addition of the secondary metals (M). We

that the oxidation state as well as the activity of Pt is heavily influenced by the addition of the secon

metal. PtO is found to be highly stable in these systems and increasing concentrations of metallic Pt

associated with the surface segregation of metal M due to its affinity for the oxygen present durin

annealing.
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efficient and some detailed theoretical studies already e
concerning this catalyst’s role in CO oxidation [17]. However
stated earlier, these systems hold importance in a broader se
than power generation alone [18–32] and a large number of wo
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been dedicated to understanding their synthesis, character-
ion, and catalytic properties [33–44]
urthermore, with the ever increasing industrial use of
materials, their impact on the environment has become an

e of great importance. Specifically, thermally or mechanically
ced emissions of particulate Pt from automobile catalytic
erters is a source of toxicological concern [45–48]. Therefore,

only are the activity, selectivity, and stability of the working
lysts important, but so also is the state in which they might be
tted into the environment upon reaction (oxidated, chlori-
d, etc.). Although catalysts are prepared in a certain state (i.e.

, the oxidation state of the working catalyst might be different,
how this state evolves and reacts under environmental
itions is of interest.

n general, it is the surface properties of alloys which are
ited with observed catalytic improvements, and as we will

in this article, the nature of the secondary metal, as well as
preparation and pretreatment conditions, have a large
ence over the final composition and oxidation state of the

ace and its active components. We present here an investiga-
of the influence that the addition of M = Au, Pd, Ru, and Fe has

the oxidation state, activity, and selectivity of supported
M0.2 nanoparticles. We use as a probe reaction the decom-
tion of MeOH. Previous studies by our group [49,50] have

n that the size of Pt nanoparticle catalysts, as well as the
icle support, can influence the type (PtO, PtO2) and stability of
metal oxide shell present in ‘‘real-world’’ catalysts under

istic reaction conditions. Indeed, there has been recent interest
e role of oxidized versus metallic species in the activity of

ral systems where oxidized metals may contain some catalytic
ntage [51,52]. To remove any ambiguities in the present study,
ave used particles of the same average size for all samples and

mmon support, zirconia. Under these conditions the observed
ts can be directly related to the addition of the secondary

al.

xperimental

on-polar/polar diblock copolymers [poly(styrene)-block-
(2vinylpyridine) Polymer Source Inc.] were dissolved in a
-polar solvent (toluene) in order to obtain spherical nano-cages
erse micelles). These micelles were then loaded with metal

(H2PtCl6�6H2O, HAuCl4�3H2O, RuCl3, PdCl2, FeCl3) to produce
confined and size-selected Metal and Pt-Metal (Pt-M) NPs. The
al content of all bimetallic samples by weight (wt) was 80% Pt
20% secondary metal. The particle size was controlled by using
lymer with a specific head length [PS(27700)-PVP(4300), i.e.
tant PVP molecular weight for all samples] and by selecting a

al-salt/polymer-head (PVP) concentration for the solution of
for all samples [53–55]. The solution was then mixed with
crystalline ZrO2 (�45 nm, Alfa Aesar) in the form of a powder.

amples were dried in air at �100 8C for 24 h then placed in a
lar furnace, open to the air, for calcination at 500 8C for 2.5 h.
catalyst sample had a total weight of 50 mg and contained 1%
eight metal.

he powder samples were transferred to an ultra high vacuum
em (UHV, SPECS GmbH) for analysis by X-ray photoelectron
troscopy (XPS). XPS data were collected using a monochro-
ic X-ray source (Al Ka, 1486.6 eV) operating at 350 W and a

thermocouple (K-type) in contact with the reactor was used to
monitor temperature and the entire assembly was insulated to
minimize heat losses. Immediately prior to the reaction all
catalysts were heated for 1 h at �200 8C (below the initial
calcination temperatures of 500 8C used to remove the polymeric
nanoparticle shell) in a flow of He at 10 ml/min. Activities were
measured at atmospheric pressure in the range of 100–220 8C. The
composition of the feed was 0.05% MeOH relative to the flow of He,
as determined by the partial pressures of He and the main
fragment ion of MeOH (m/q = 31). Further details of the experi-
mental set up and measurement conditions can be found in [49].

The polymer-salt solutions were also dip-coated on SiO2/
Si(0 0 1) substrates in order to obtain particle size information
(height) via atomic force microscopy (AFM) with a Nanoscope
Multimode (Digital Instruments) microscope operating in tapping
mode. Transmission electron microscopy (TEM) was carried out on
the powder samples with a Tecnai F30 TEM operating at an
accelerating voltage of 300 kV. In addition, energy dispersive X-ray
analysis (EDX) was conducted on each sample.

3. Results and discussion

3.1. Morphological and structural characterization

Fig. 1 displays representative images of the nanoparticle
polymeric solutions dip-coated on SiO2/Si(0 0 1). Here the three
images show bimetallic samples [Pt-Au (a), Pt-Pd (b), and Pt-Fe (c)]
before the removal of the polymeric shell. The images demonstrate
the validity of our preparation method for the synthesis of
bimetallic catalysts with narrow size distributions. Analysis of the
images taken after the removal of the polymer (not shown), by
heating in ultrahigh vacuum (UHV) for 30 min at 500 8C, gives an
average particle size (height) of �3 nm.

Fig. 2 shows elemental distribution maps of Pt (a) and Fe (b)
obtained by TEM in the same region of the Pt-Fe sample. We can
see a uniform distribution of the metals with Pt and Fe appearing in
the same regions within a nanoparticle. Fig. 2(c) shows a faceted
particle from the Pt-Au sample with a measured lattice parameter
of 3.96 � 0.02 Å. A pure Pt particle in a monometallic Pt sample with a
lattice parameter of 3.74 � 0.04 Å is displayed in Fig. 2(d). The lattice
parameters for bulk Pt, bulk Au, and a Pt0.8Au0.2 alloy are 3.92, 4.07,
and 3.94 Å, respectively [57,58]. Thus, our value of 3.96 Å for the Pt-
Au particle is in agreement with the formation of a Pt-rich, Pt-Au
alloy. The TEM images of Fig. 2 reveal our particles to be �10 nm in
diameter.

3.2. Electronic and chemical characterization

Figs. 3 and 4 show XPS spectra and Fig. 5 exhibits related
compositional information for the monometallic Pt and Pt-M
nanoparticle samples deposited on ZrO2 powder. The fits were
done after linear background subtraction using a product of
Gaussian and Lorentzian functions, as defined in the software CASA
XPS, with the maximum width (FWHM) of each component held
constant [Pt0 (1.8 eV), PtO (2.4 eV), PtO2 (2.8 eV)] from spectrum to
spectrum. The distinction of PtO and PtO2 species, especially on
small NPs, is difficult. An initial attempt to fit the Pt-4f region of our
samples with only two doublets (one corresponding to Pt0, the
other to PtO ) was made, but such a fit resulted in an unreasonably

J.R. Croy et al. / Applied Catalysis A: General xxx (2008) xxx–xxx
161
162
163
164
165
166
d gun was used to correct for sample charging during
surement. All spectra were referenced to the Zr 3d5/2 [ZrO2]

at 182.6 eV [56].
atalytic decomposition of methanol in the vapor phase was
ied out in a packed-bed mass flow reactor with a vertical quartz

(inner diameter = 4 mm) serving as the reactor vessel. A
ase cite this article in press as: J.R. Croy, et al., Appl Catal A: G
x

large FWHW (>3). Fig. 3 displays data from the Pt-4f core-level
region. The vertical solid line in Fig. 3 marks the position of the 4f7/2

peak of metallic Pt at 71.7 eV. The two dashed lines represent the
BEs of the 4f7/2 peaks of PtO and PtO2 at 73.0 and 75.3 eV,
respectively [59]. These reference values for PtO and PtO2, as well
as the energy difference between Pt0 and PtO2 (�3.6 eV), are
en (2008), doi:10.1016/j.apcata.2008.08.013
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consistent with several reports of supported Pt and Pt-M systems

interaction with the support itself [63]. One possible interactio
the formation of interfacial Pt-Zr compounds. Alloying of Pt an
has been observed at 500 8C (our annealing temperature) [64]
the observed shift to higher binding energy of the Pt0 4f7/2 pea
in agreement with Ref. [65] as well as data from our group on
temperature-dependent reduction of ZrO2-supported Pt NPs [
What effect these possible interfacial compounds have on
chemical properties of our systems will be investigated in m
detail in the future. The relative content of the different Pt spe
and XPS binding energies obtained from the analysis of the dat
Fig. 3 are summarized in Table 1. The estimated error in the fi
the area of the peaks is �3%. An interesting trend appears in
concentration of Pt-oxides for these samples as shown in Fig. 5.
Pt-Au is the least metallic in composition being 22% Pt0. As we go f
Pt-Au to Pt-Pd we see a substantial increase in the amount of Pt0.
increase continues as we go across Fig. 5 to Pt-Fe with a metalli
content of 60%.

Fig. 4 shows XPS spectra of the most intense photoelect
peaks associated with the secondary metals before and after
addition of Pt. The following core-level regions are shown in Fig
(a) Au-4f, (b) Fe-2p, (c) Pd-3d (and ZrO2-3p), and (d) Ru-3d
Fig. 4(c) we can see that the Pd-3d region overlaps with the Zr
3p substrate peaks and we have superimposed the Pd samp
spectrum on that of the ZrO2 substrate’s (bottom). The Pt
sample is shown on top. Similarly for Ru, shown in Fig. 4(d), the
3d region coincides with C-1s and a deconvolution has been d
to identify the constituent components of the monometallic
(bottom) and the Pt-Ru (top) samples.

In order to better understand the segregation phenom
occurring in our bimetallic NPs during the post-synth
annealing treatment in air at 500 8C, several fundamental prop
ties of the monometallic metals should be kept in mind.
example, the order of decreasing size for the atomic radii (meta
and Wigner-Seitz) of our metals is Au > Pt > Pd > Ru > Fe [67,
The order of the heats of sublimation from high to low
Ru > Pt > Fe � Pd > Au [69,70]. The surface energies from hig
low go as Ru > Pt > Fe > Pd > Au [71] (experimental values).
finally, since our bimetallic NPs were annealed in the presenc
oxygen (air), a parameter that should be taken into account is
heat of formation of the different oxides. Starting with the m
stable oxide, the trend goes as Ru > Fe > Pd > Pt > Au [67].

Although all of the above trends refer to bulk systems, du
the relatively large size of our nanoparticles (�10 nm in diame
they are expected to be a reasonable referent for our stud
Theoretically it has been shown (for Cu-Ni systems) that clus
containing less than 1000 atoms are dominated by geome
effects, while those above this size are driven by thermodyna
effects reported for the macroscopic systems [72]. Using data fr
Ref. [12], a cubo-octahedral fcc Pt NP of 5 nm in diameter cons
of at least 4000 atoms. Therefore, thermodynamic argument
segregation given above should be valid. However, from the ab
parameters, the different affinities for oxygen of the dist
secondary metals are believed to play a key role. Alloys are nota
affected by adsorbates from the surrounding gaseous environm
and the metal having the highest affinity for these adsorbates
preferentially segregate to the surface [73,74]. This segrega
effect has been observed, for example, in Pt-Rh catalysts [
There, the performance of the catalysts varied between pure Pt
pure Rh depending on the surface concentrations of each me

Fig. 1. AFM images of (a) Pt-Au, (b) Pt-Pd, and (c) Pt-Fe NPs (20% wt M) supported on

SiO2/Si(0 0 1). The images were taken before polymer removal.

J.R. Croy et al. / Applied Catalysis A: General xxx (2008) xxx–xxx
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llic
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233
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237
238
[60,61], as well as with preliminary data obtained by our group on
similarly synthesized Pt NPs supported on thin film oxide surfaces
after exposure to atomic oxygen in UHV and subsequent annealing.
The Pt0 4f7/2 peak in our monometallic Pt NPs is shifted 0.6 eV
higher than the value of bulk Pt [62]. This positive shift may be
attributed to final state effects in our small clusters and/or an
Please cite this article in press as: J.R. Croy, et al., Appl Catal A: Ge
with Rh preferentially occupying the surface under oxidiz
conditions, and Pt under reducing conditions. We might note
many of the studies mentioned in Ref. [73] are on single crys
under controlled vacuum environments whereas our sam
consist of multi-faceted, metal-oxide-supported, meta
nanoclusters. Because all of our samples have been prepa
n (2008), doi:10.1016/j.apcata.2008.08.013
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er identical conditions, have similar size distributions, are on
same support (ZrO2), and were calcined in air at the same
perature, the varying concentrations of the different Pt and

species (Table 1) must be related to the tendency of the
ndary metals to segregate to the surface where oxygen is
ent during annealing. Therefore, larger amounts of PtOx in our
ples could be related to the presence of a larger number of
rficial Pt atoms, while lower PtOx/Pt0 ratios would indicate
the secondary metal has segregated to the nanoparticle

ace, minimizing Pt oxidation.
rom the Pt-Au spectrum in Fig. 3, and Table 1, we see that the
tion of Au seems to have had little effect on the oxidation state

t in this system as compared to the similarly prepared pure Pt
. The atomic radius of Au is larger than that of Pt so we would
ct lattice strain to contribute to the segregation of Au to the NP

ace. In addition, the surface energy and heat of sublimation of
are each lower than the corresponding values for Pt, again

oting surface segregation of Au. It has also been shown
retically that Au will segregate in a Pt0.75Au0.25 system [75],

ch is close to our Pt0.8Au0.2. However, Au does not have a high

affinity for oxygen, and our annealing in air should not further
favor the segregation of Au to the surface. The metallic state of Au
in our pure Au and Pt-Au catalysts is confirmed in the Au-4f XPS
spectra of Fig. 4(a). In Fig. 4(a), the Au 4f7/2 peak appears at 84.7 eV
in the pure Au (bottom) NP sample, which is 0.7 eV higher than the
value for bulk Au at 84.0 eV [76], and the same peak appears at
84.2 eV in the Pt-Au (top) sample (�0.5 eV shifted with respect to
the pure Au NPs). For the latter sample we also see a negative shift
in the binding energy of Pt0 of 0.4 eV with respect to the pure Pt
sample (Table 1). Bastl and Pick [77] have also reported negative
binding energy shifts for both Pt and Au in Pt-Au alloys formed by
vapor deposition of Au on polycrystalline Pt foils. Based on our XPS
and TEM (average representation of the particle structure) data we
conclude that the Pt-Au sample is a homogeneous nanoalloy with a
slightly Au-rich surface. It is interesting to note that Zhang et al.
[78] have reported that Au can stabilize Pt against dissolution in
fuel cells by raising the oxidation potential of Pt, whereas in our Pt-
Au system we do not find Pt to be reduced compared to the pure Pt
sample. The authors point out that Au will interact differently
when deposited on a metallic versus oxide substrate and that Au

. (a) Elemental distribution map (using energy-filtered TEM) of the Pt-Fe NPs supported on ZrO2 showing homogeneous distribution of Pt (a) and Fe (b) in individual

ers. (c) High resolution image of a particle in the Pt-Au sample and (d) a particle in the pure Pt sample.

1
ive phase content of the different Pt and Pt-oxide species as well as the binding energy of Pt0 obtained from the Pt-4f XPS spectra shown in Fig. 3

le Binding energy Pt0 (eV) Pt0 content (%) PtO content (%) PtO2 content (%)

J.R. Croy et al. / Applied Catalysis A: General xxx (2008) xxx–xxx
71.7 28 63 9

71.4 22 66 12

/MeOH 71.5 34 53 13

71.7 35 50 15

71.8 55 32 13

71.6 60 25 15

shown are the corresponding values of the Pt-Au sample after reaction with MeOH (spectrum in Fig. 9).

ase cite this article in press as: J.R. Croy, et al., Appl Catal A: Gen (2008), doi:10.1016/j.apcata.2008.08.013
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deposited on Pt is unlikely to intermix with Pt. In our system we
have evidence [TEM image shown in Fig. 2(c)] of the formation of a
Pt-Au alloy, most likely due to our chemical synthesis method
versus deposition of Au on a Pt (1 1 1) single crystal surface by
Zhang et al. [78]. In addition our cluster diameters are roughly
three times larger than their �3 nm particles.

Since the surface energies of Pd and Fe are lower than that of
Pt, and the heats of oxide formation of the former metals are
higher, the segregation of Pd and Fe to the NP surface is
expected. Anti-segregation has been predicted for Fe and a
somewhat neutral behavior for Pd when these metals are
alloyed with Pt in the absence of oxygen [75,79]. This
emphasizes the importance of taking into account the affinity
of the different metals for oxygen in understanding segregation
phenomena in ‘‘real-world’’ nanocatalysts. In our samples, the

The higher oxidation state of iron in the bimetallic sam
suggests the possibility of Fe promoting the reduction of the
oxide compounds that are formed in these particles. The res
for the Pt-Fe sample are in qualitative agreement with a st
by Niemantsverdriet et al. [80] who found Pt to be zero valen
an Fe-Pt alloy with the formation of Fe ions at the surface of
alloy particles.

The main XPS peaks of Pd-3d overlap with those of Zr-3p
could not be resolved in the Pt-Pd sample. However, the prese
of PdOx in the monometallic Pd sample can be inferred from
two shoulders visible in the Pd-3d region of Fig. 4(c). Here we
the spectrum of the monometallic Pd sample superimposed on
Zr-3p region of the substrate (bottom) and that of the Pt
sample (top) with the solid and dashed vertical lines indica
the binding energies of the Pd0 (335.9 eV, 341.2 eV) and P
(337.9 eV, 343.2 eV) 3d doublets, respectively. The peaks
�333.1 and 346.6 eV correspond to the ZrO2-3p substrate.
study done by Graham et al. [81] on alumina-supported Pt
catalysts, it was suggested that Pd on the surface of Pt-Pd all
inhibited the formation of PtOx. This might certainly be the c
here in light of Pd’s greater affinity for oxygen and the la
amount of Pt0 that was detected in this sample. Gu and Balbu
[13] have also shown theoretically that the incorporation of Pd
well as Ru, into Pt decreases the stability of subsurface oxyg
especially in the case of Ru. These calculations agree with
observation that Pt-Ru contains less PtO than Pt-Pd, and b
samples are more reduced in comparison to the monometalli
sample.

As seen in Fig. 4(d), the Ru-3d region overlaps with the C
region. However, upon deconvolution of the monometallic
spectrum (bottom) we uncover two states of oxidation, R
(RuO3) at �283 eV and Ru4+ (RuO2) at �281 eV. The peak
�289 eV is a peak visible in the nanoparticle-free substrate (Zr
spectrum and is attributed to a carboxylic species [82]. Analysi
the Pt-Ru sample (top) reveals the disappearance of the R
component (present in the monometallic Ru sample) at �281
and only the RuO3 (�283 eV) remains. According to literature [
RuO2 should be the most stable oxide. However, analogous to
above discussion concerning Pt-Fe, the combination of Pt-Ru/Z
seems to favor the higher state of oxidation for Ru and poss
promotes the reduction of Pt.

From Ref. [12] we expect the surface atoms to be �15% of
total number of atoms. Although it is possible for our Pt0.8M
systems to form core-shell structures, the presence of PtOx in
our samples leads us to conclude that we do not form such clust

3.3. Catalyst activity

Fig. 6 shows the rate of MeOH conversion (in units of mmo
MeOH/min/g cat) for each bimetallic Pt-M sample in the rang
150–220 8C. We mention here that no Pt-M catalysts achieved
same rate as the pure Pt sample which had a rate of �4.5 mmo
MeOH/min/g cat at 200 8C (not shown). However, the pure
sample was comparable to pure Pt with an overall average rat
about 80% that of Pt, and the monometallic Ru sample
comparable to the Pt-Pd sample shown in Fig. 6. The monomet
Fe sample achieved a maximum activity of 31% that of Pt (220
and the monometallic Au sample was not active in this tempera
range.

Fig. 3. XPS spectra of the Pt-4f region comparing monometallic Pt with bimetallic

(Pt-M) NPs deposited on ZrO2. From bottom to top, the Pt-M spectra reveal a trend

of decreasing oxidation. The solid and dashed lines represent the 4f7/2 peaks of Pt0,

PtO and PtO2, respectively.
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359
360
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362
segregation of Fe to the NP surface results in a Pt-rich core and a
decrease in the amount of surface Pt-oxide compounds formed
upon air annealing, as is seen in Table 1 and Figs. 3 and 5. From
Fig. 4(b) we see the pure Fe NP sample (bottom) showing Fe2+ in
FeO (after air annealing, 500 8C) at �709 eV and the correspond-
ing Pt-Fe (top) reveals Fe in the 3+ state (Fe2O3) at �711.8 eV.
Please cite this article in press as: J.R. Croy, et al., Appl Catal A: Ge
Unexpected results were obtained while monitoring
reactivity of Pt-Ru and Pt-Pd samples. Pt-Ru alloys are gener
accepted as being better catalysts than Pt alone, especially for
in fuel cells [79]. It is interesting that our Pt-Ru sample is relativ
poor in comparison to our Pt-Au and Pt-Pd bimetallic samples
shown in Fig. 6. This could be due to several factors. First of all,
n (2008), doi:10.1016/j.apcata.2008.08.013
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tests were not done in an electrochemical environment where we
might expect reactions to proceed differently than in our gas-phase
mass flow reactor. Waszczuk et al. [83] have also shown that MeOH
behaves quite differently in UHV as compared to an electro-
chemical environment. Similarly, the rate of CO oxidation on Ru is
much greater at higher oxygen coverages than under UHV
conditions [84] and the selectivity for MeOH oxidation over a
Ru catalyst is observed to be significantly different at low and high
pressures [85]. Second, the concentration of the secondary metal is
important and for Pt-Ru catalysts Pt:Ru concentrations of 3:1 and
1:1 are common [68]. Our Pt-Ru sample contains only 20% Ru and
this low concentration might not be enough for the Pt to benefit
from the presence of Ru.

The other point we would like to make note of concerns the
Pt-Pd sample. Although both the monometallic Pt and Pd
samples show high activity, the bimetallic Pt-Pd sample shows a
decrease in activity with respect to both monometallic counter-
parts. In a recent paper by Zhang et al. [11] it was demonstrated
that particles consisting of a monolayer of Pt covering a Pd/Co
core showed high activity for O2 reduction. The enhanced
activity was partly attributed to lattice mismatch and a change
in the d-band properties of Pt caused by interaction with Pd. In
our case we imagine the reverse situation to be the prevailing
one, in which Pd is enriched on the surface compared to Pt. It is
feasible that the interaction of Pd with the underlying Pt is not
as favorable as the geometry of Ref. [11], and that this
interaction decreases the Pd activity towards MeOH decom-
position. Further studies on this system should be carried out to
answer this question.

Fig. 7 displays an Arrhenius plot [ln(Reaction Rate) versus 1/T]
for the Pt-M samples in the range of 190–220 8C. From this plot,
activation energies (Ea) for MeOH decomposition can be obtained.
The calculated activation energy for the monometallic Pt sample is
28 kJ/mol. The bimetallic Ea values are 59, 73, 96, and 89 kJ/mol for
the Pt-Au, Pt-Pd, Pt-Ru, and Pt-Fe, respectively.

Fig. 8 correlates these data with the phase content (%) of Pt0

(bottom axis) and PtO (top axis) in each Pt-M sample. The
elemental labels denote the M in Pt-M nanocatalysts. For the y-axis
we have calculated the percent difference of the rate for each
sample, with respect to the monometallic Pt, at T = 190, 200, 210,
and 220 8C, and plotted the average as:

DRPtð%Þ ¼
RPtðTÞ � RPt�MðTÞ

RPtðTÞ
� 100

� �

For example, the higher the average percent difference, the lower is
the rate of MeOH conversion for a particular sample compared to
the monometallic Pt. A clear trend emerges relating increasing
amounts of metallic Pt with decreasing catalytic activity, and
increasing amounts of PtO with increasing activity. The fits of the
Pt-4f spectra in Fig. 3 show that only a small amount (�15%) of
PtO2 is present in our samples. Two factors may be discussed in
connection with this trend: (i) the concentration of Pt0 and PtO are
related to the amount of surface segregation of M, as discussed in
the XPS section; and (ii) PtO may play some role in the
decomposition of MeOH. We will give only brief comments
regarding (ii) as a detailed study on the stability of PtO under
reaction conditions, and its catalytic reactivity for MeOH decom-
position, is currently being conducted in our group and will be
published elsewhere [86].

J.R. Croy et al. / Applied Catalysis A: General xxx (2008) xxx–xxx
ase cite this article in press as: J.R. Croy, et al., Appl Catal A: G
Fig. 4. XPS spectra of (a) Au-4f region of pure Au (bottom) and bimetallic Pt-Au NPs

(top). (b) Fe-2p binding energy region of pure Fe (bottom) and bimetallic Pt-Fe NPs

(top). (c) Pd-3d region of the monometallic Pd sample superimposed on the Zr-3p

region of the substrate (bottom). The top spectrum shows the Pt-Pd sample. Two

shoulders in the lower spectra reveal the presence of PdOx. (d) Ru-3d core-level

region of the pure Ru (bottom) and bimetallic Pt-Ru (top) NP samples.
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3.4. Catalyst selectivity

Selectivity for each product gas is derived from the mass
spectrometer data, along with stoichiometric considerations of the
decomposition, water gas shift, and methanation reactions
(Eqs. (3)–(5)), and is defined as the percentage of the total product
that each particular partial gas pressure represents,

Selectivity ð%Þ ¼ AnP
An
� 100 (2)

where An represents the output of the nth product gas.

CH3OH ¼ CO þ 2H2 (3)

CO þ H2O ¼ CO2þH2 (4)

CO þ 3H2¼ CH4þH2O (5)

In the course of our experiments, only CO2 and CH4 were
obtained as byproducts and only in small amounts at high
temperatures. We can conclude from this that the reaction
proceeds mainly through the direct decomposition of MeOH
shown in equation (3). It is interesting to note that the Pt reference
sample produced CO2 at low temperatures (�2.5% at 150 8C). The
amount of water in the experiment was �0.2% as compared to the

flow of the carrier gas He, which helps to facilitate reaction (4). T
is in accord with the results of Iida and Igarashi [87] who repor
high activity for the low temperature water gas shift reac
(WGS) on Pt/ZrO2 catalysts. The authors were using a f
containing an H2O to CO molar ratio of 5. The amount of wate
our experiments is low compared to CO (�27%) since we are
directly introducing it into the feed, this will limit the occurrenc
the WGS reaction in our experiments. None of the other sam
showed this behavior for the WGS reaction at low temperatu
Bera et al. [88] have also reported Pt/CeO2 active for the
temperature WGS reaction, with Pt being found mostly in the
state (PtO). One interesting exception is the Ru sample wh
shows �1% selectivity for CO2 close to 300 8C. The correspond
Pt-Ru sample shows a switch to small amounts of CH4 at the sa
temperature.

4. Further discussion

4.1. Stability and reactivity of PtO

The monometallic Pt sample (Fig. 3, Table 1) is compo
mainly of PtO (Pt2+, 63%) as well as a fairly large (28%) contribu

Fig. 7. Arrhenius plot of the methanol decomposition rate [ln(R) versus 1/T] ove

M NPs supported on ZrO2.

Fig. 5. Relative phase content (%) of Pt0 and PtO in Pt0.8M0.2 NPs supported on ZrO2

obtained from the XPS data in Fig. 3.

J.R. Croy et al. / Applied Catalysis A: General xxx (2008) xxx–xxx
Fig. 8. Relative decrease in activity for Pt-M samples with respect to the

monometallic Pt sample. The y-axis gives the average percent difference in the

rate of MeOH decomposition in the range of 190–220 8C as explained in the text. The

bottom and top x-axes relate this decrease to the concentration of Pt0 and PtO,

respectively. The elemental labels denote the M in Pt-M.

Fig. 6. Rate of MeOH decomposition given in mmol of MeOH/min/g cat for all

bimetallic Pt-M samples in the temperature range of 190–220 8C.

Please cite this article in press as: J.R. Croy, et al., Appl Catal A: Gen (2008), doi:10.1016/j.apcata.2008.08.013

http://dx.doi.org/10.1016/j.apcata.2008.08.013


from
cons
and
shou
met
[50]
cond
are
calc
oxid
dorf
surf
phas
of P
repo
coor
norm
obse
the f
sign

I
the
of th
sites
Wan
oxid
PtO2

obse
syst

I
befo
tem
MeO
Tabl
cond
(not
resu
sam
UHV
com
How
initi
expe
Edge
befo
Au
Broo
com
agre
inte
oxid
of w
MeO
calc
activ
cont
and
adso
avai
cata
reac
trati
reve
in m
cont

459
460
461
462462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

524
525
526
527
528
529
530
531
532
533
534
535
536

537
538
539
540
541
542
543
544
545
546
547
548

8

G Model

APCATA 11643 1–10

Ple
U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

the metallic component (Pt0), with PtO2 (Pt4+) being
iderably smaller (9%). The heats of oxide formation of PtO
PtO2 [67] and theoretical calculations [89], indicate that PtO2

ld be the more stable oxide. However, possibly due to strong
al–support interactions, previously confirmed for this system
, PtO is the most prevalent species under our preparation
itions. Interestingly, the most common terminations of Pt NPs
the (1 1 1) and (1 0 0) planes [90], for which it has been
ulated that a-PtO2 and PtO, respectively, are the most stable
e phases [89]. However, new data from Seriani and Mitten-
er [91] have also shown that PtO2 can be stable on the Pt(1 0 0)
ace. Abe et al. [92] have also experimentally observed these
es to be stable up to 500 8C and the presence of large amounts

tO might be related to the structure of our NPs. It has been
rted for Pt single crystals that oxides can form at sites of low
dination (i.e. steps) where they are more stable than what is
ally expected for bulk oxides [93]. Weaver et al. [94] have also

rved enhanced thermal stability of oxides on Pt(1 1 1) due to
ormation of three dimensional oxide particles accompanied by
ificant surface restructuring.
t is still not clear, even for bulk systems, which oxide species is
most stable, and NPs complicate the situation further because
eir inherent complexity (i.e. high density of low coordinated
, surface facets with different orientations, etc.) For example,
g et al. [95] have observed experimentally that the surface
e species that forms on Pt particles with diameters <1.3 nm is
, while above 2 nm, as in the case of our particles, PtO is
rved. Oxide stability is observed in our bimetallic Pt-M

ems with PtO being the most stable PtOx species.
n Fig. 9 we show the Pt-4f core-level region of the Pt-Au sample
re (bottom) and after (top) reaction with MeOH. The
perature ranged from 100 to 300 8C during the reaction with
H, and the total time on-stream was �8 h. As we can see from
e 1, this sample is only moderately reduced under our reaction
itions and PtO is highly stable. More extreme H2 reductions
shown) were also carried out in our reactor with the same

lt that the PtOx compounds could not be fully reduced. These
ples were taken from the reactor and transferred in air to the

system where we still observed them to be reduced. Thus,
plete re-oxidation does not occur during its exposure to air.
ever, this exposure during transfer is short (<10 min) and the

al air oxidation occurs at 500 8C. In addition to these
riments, preliminary data from in situ X-ray Absorption Near

Structure (XANES) measurements (not shown), acquired
re and during long exposures (up to 10 h) of the pure Pt and Pt-
catalysts to CO at various temperatures (up to 200 8C) at
khaven National Laboratory, reveal that the initial PtOx

pounds in these samples cannot be fully reduced [96], in
ement with our ex situ measurements of Fig. 9. Several
resting works have been published revealing the importance of
es in catalytic systems [52,97–101] which lead to the question
hether or not PtO may play some role in the decomposition of
H. For example, in a recent paper by Li and Hammer [52], DFT

ulations show that three-phase boundaries are particularly
e sites for chemical reactivity. These boundaries involve the
act of the gas-phase reactants and products with the metallic
oxidized phases of the catalyst. Another example is the
rption of MeOH on Cu which is greatly enhanced by the
lability of oxygen [98], either from the feed gas or from the

Pt atoms (versus atoms from the less active secondary metal, M) at
the NP surface in these samples. A more detailed study of the
reactivity of pure Pt NPs with different Pt-oxide concentrations is
currently being conducted in our group in order to shed light on
this open question.

Finally, as was mentioned in the introduction, we would like to
highlight that the choice of oxide support is crucial in the stability
of surface and subsurface oxides on supported metal nanoparticles.
For example, our group has observed faster and lower temperature
PtOx and Au2O3 reductions on pre-oxidized Pt and Au clusters
deposited on TiO2 as compared to the higher stability observed
when ZrO2 and SiO2 substrate were considered [50,102].

4.2. Segregation

Reactor data (Fig. 6), in conjunction with XPS (Fig. 3) data, lead
us to a model of segregation in our Pt-M samples, dictated largely
by the affinity of metal M for oxygen. In Fig. 10 we present a
simplified scheme of this model showing truncated, faceted NPs in
contact with the ZrO2 support. The light circles represent Pt atoms
and the dark circles represent the atoms of the secondary metal M.
The Pt-Au sample, Fig. 10(a), appears to be the most homogeneous
alloy of all our samples. This is due to a combination of Au’s
favorable surface segregation (thermodynamic) properties atte-
nuated by Pt’s higher affinity for oxygen. The remaining samples
have a segregation trend that follows the same line of reasoning,

Fig. 9. Pt-4f core-level region of the Pt-Au sample before (bottom) and after (top)

reaction with MeOH. Temperature during the reaction ranged from 100 to 300 8C
with a total time on-stream of �8 h.

J.R. Croy et al. / Applied Catalysis A: General xxx (2008) xxx–xxx
549
550
551
552
553
554
lyst due to an incomplete reduction process [99]. Our XPS and
tor data associate increasing activity with increasing concen-
ons of PtO and the presence and stability of PtO in our catalysts
al a novel aspect of these systems. However, one should keep

ind that the enhanced reactivity of the bimetallic NPs
aining PtO may also be simply due to the higher content of
ase cite this article in press as: J.R. Croy, et al., Appl Catal A: G
where the expected segregation due to lower surface energy,
higher atomic volume, heats of sublimation, etc. are overcome by
metal M’s favorable interaction with oxygen during the process of
sample annealing in air. Fig. 10(b) shows the Pt-Pd and Pt-Ru to
have a Pt-rich core and Fig. 10(c) includes most of the Fe in the Pt-
Fe at the NP surface. In addition to this scheme, as previously
en (2008), doi:10.1016/j.apcata.2008.08.013
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discussed, there may exist regions or patches of different species
(Pt0, PtOx, M0, MOx) in contact with each other at the NP surface.
These boundaries may enhance interactions with the gas-phase
reactants and/or products. Future research on the reactivity of Pt-
oxides in reactions that involve oxygen (e.g. CO oxidation) should
provide further insight into some of the challenging, open
questions described above.

5. Conclusions

We have tested a series of monometallic (M) and bimetallic (Pt-
M) nanocatalysts for the decomposition of MeOH. All catalysts had
the same initial particle size distribution, support, and preparation
conditions. We therefore attribute any differences in the properties
of these catalysts to the addition of the secondary metals. XPS
analysis reveals the most stable component of these systems to be
PtO, which proves to be highly stable under our reaction
conditions. XPS, in conjunction with reaction data, shows a trend
relating the concentration of Pt0 and PtO to the segregation of
metal M and subsequent catalytic activity as follows. Because all
samples were calcined in air, the metals with the highest affinity
for oxygen tended to surface segregate in the Pt-M NPs. This
directly affected the NP’s catalytic activity by way of metal M’s
occupation of surface sites available for reaction with MeOH and
possibly through its influence on the oxidation state of Pt.

We hope this study will stimulate further theoretical investiga-
tions on the effect of the chemical environment on segregation
phenomena at the nanoscale, as well as on the activity and stability
of Pt-oxides as a function of metal dopants in bimetallic systems.
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