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bstract

The change in the mixed phase heavily oxidized PtRu anode with the exposure of methanol in a direct methanol fuel cell (DMFC) has been
nvestigated by electrochemical impedance spectroscopy (EIS) and X-ray diffraction (XRD). The investigation had two major objectives: (i) to
xplore the original state of the active catalyst and (ii) to understand if alloying of Pt and Ru is a requirement for higher methanol oxidation activity.
t was found that the methanol oxidation activity gradually improved for ∼2 h of exposure. The impedance spectra were taken at different times
ithin this time of improvement of activity. The impedance spectra were deconvoluted in different contributions like membrane resistance (Rm),

harge transfer resistance (RCt), adsorption resistance (Rad), and oxidation resistance (Rox). The improvement of the activity was explained in terms

f the effect of the pretreatment on different contributions. XRD was done on the virgin and methanol exposed sample as a possible mean to
dentify the difference. It was postulated that the reduction of the as prepared PtRu after exposure was responsible for the activity improvement.
lso, it was shown that bulk alloy formation is not a necessary condition for higher methanol activity of PtRu catalysts.
2007 Elsevier B.V. All rights reserved.

py; T

i
f
m
f
c
f

t
T
u
p

eywords: DMFC; PtRu; Mixed phase; Electrochemical impedance spectrosco

. Introduction

The DMFC uses methanol as fuel and has significant advan-
ages over hydrogen-fed proton exchange membrane (PEM) fuel
ells in mobile applications in terms of fuel storage and supply
1]. However, one of the main challenges of making DMFC com-
ercially feasible is to improve the slow reaction kinetics of the
ethanol oxidation reaction at the anode. There is an initial acti-

ation overpotential between 0.2 and 0.55 V, depending on the
atalyst and operating conditions, required to oxidize methanol
nodically at an appreciable rate. At least some of this over-

otential is kinetic in nature and could be reduced by suitable
atalysts at the anode [2]. Another critical issue of DMFC is
he thickness of the anode catalyst layer. A thick catalyst layer
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ime constant; XRD

ncreases the ohmic resistance as well as mass transfer resistance
or methanol. Therefore to improve the DMFC anode perfor-
ance it is necessary to investigate on new catalytic materials

or methanol electroxidation as well as alternative methods for
atalyst preparation and membrane electrode assembly (MEA)
abrication.

Recently we have reported a novel method for one-step elec-
rode preparation by using flame spray pyrolysis (FSP) [3].
he as prepared nanocomposites are a mixture of fcc, mostly
nalloyed Pt crystalline phase and an amorphous surface layer,
ostulated to be a mixture of Pt and Ru oxides. Comparison with
ommercially available 10% Pt–Ru/C E-TEK catalyst demons-
rated that even though the onset potential for methanol oxidation
t 90 ◦C on both catalysts are similar (∼250 mV), the flame pre-
ared Pt1Ru1 has 60% higher activity at 0.4 V. The supported
t–Ru catalyst has been chosen for comparison because we wan-
ed to observe the difference between a well-alloyed metallic
t–Ru catalyst and the flame-synthesized catalyst. The unsup-
orted Pt–Ru has been reported to have lesser degree of alloying
nd a significant presence of RuO2 compared to carbon suppor-
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ed Pt–Ru from E-TEK [4]. The result is interesting considering
he debate about the role of oxides in PtRu anode catalyst. While
n overwhelming majority of the researchers believe that oxides
re harmful to catalytic activities (e.g. [5,6]), according to Roli-
on et al. the presence of Ru oxides enhances the performance
f the DMFC anode [7–9]. Not only that, the Rollison group has
pecifically suggested avoiding the alloying of PtRu to make
etter catalyst for methanol oxidation [10].

It is well known that both the physical and chemical proper-
ies of the anode catalysts change with the exposure of methanol
nd during operation [11–13]. Therefore, it is not desirable to
elate the electrochemical activity with only ex situ characteri-
ation results of as-prepared catalyst. The purpose of our study
s to figure out the changes occurring in the PtRu mixed phase
atalyst after exposure of methanol and to follow this meta-
orphosis in situ. Methanol electro-oxidation involves several

eaction steps with different rates. Since electrochemical impe-
ance spectroscopy (EIS) can identify processes with different
ime constants, it should be possible to use EIS to distinguish
ifferent elementary steps of the reaction [14]. Therefore, EIS
an be used as an in situ technique to follow the changes in
he catalytic properties by looking at the changes in the ele-

entary reaction steps. These changes in the reaction rates can
hen be related to the possible modifications happening in the
ctive layer. Furthermore, besides shedding light on the catalytic
roperties, EIS can also single out contribution due to protonic
onductivity of the catalyst layers [15], and membrane [16]; thi-
kness of the catalyst layer [17], etc. as these properties also
hange with exposure and conditioning [13,18] when a mem-
rane electrode assembly (MEA) is used in the analysis. Studies
n a ‘real world electrode environment’ is important not only to
ave a clearer understanding of the reaction at the three phase
egion, but also to avoid artifacts arising from anion adsorp-
ion which results from the use of electrolyte like H2SO4 which
ontains mobile anions [19]. Jiang and Kucernak have reported
hat the discharge of methanol on Pt is shifted to more negative
otentials when Nafion is used as electrolyte instead of H2SO4.
hey attributed the phenomenon to the absence of mobile anions

n Nafion [20]. Moreover, it has also been reported that Nafion
oating greatly enhances the methanol oxidation activity on Pt
21].

In this work, we used a single cell fuel cell setup with DMFC
embrane electrode assembly (MEA) having PtRu nanoparti-

ulate anode synthesized by flame spray pyrolysis. The focus of
his paper has been to answer the questions about the state of the

ixed phase catalyst after methanol exposure and its effect on
he performance. EIS and CV have been used for following the
hanges in situ and X-ray diffraction (XRD) has been used to
haracterize the electrodes ex situ before and after the exposures.

. Experimental

.1. Electrode preparation
The electrode with Pt to Ru nominal atomic ratio of 1 to
(defined as Pt1Ru1) was prepared by using the procedure

eported earlier [3,22] with one modification which was to

t
S
o
s
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aint the gas diffusion layer, GDL (Toray-090) with a thin
ayer of VulcanXC72 carbon (CABOT) instead of using bare
DL. The precursors used were ruthenium (III) acetylacetonate

Ru(acac)3, Fluka, purity ≥97%) and platinum (II) acetylaceto-
ate (Pt(acac)2, Aldrich Chemical Co., 97% purity). The solvent
as a 4 to 1 volume ratio mixture of isooctane (Fluka, purity
9%) and tetrahydrofuran (Sigma, purity 99%). Forty mg of
t(acac)2 and Ru(acac)3 each were dissolved in 100 ml of the
olvent to make the precursor solution. The solution was pumped
y using a syringe pump (IVAC P6000) through a gas-assisted
ozzle to spray the precursor solution to the flame zone as small
roplets. The nozzle consisted of a capillary tube of outer dia-
eter 0.9 mm (inner diameter 0.6 mm), which is situated in

n opening of 1.4 mm diameter creating an annular space of
.9 mm2. The design of the nozzle is similar to the one used by
ädler et al. [23]. The precursor solution was passed through

he capillary tube at 0.5 mL min−1 and oxygen, as both the dis-
ersion and oxidation gas, was introduced through the annulus at
.2 L min−1. The spray aerosol was ignited by eight hydrogen-
ed supporting flames made by horizontal injection through eight
quidistant holes drilled in a hollow metal ring placed around the
erosol jet. Cold air, provided from a water-cooled quenching
ing was used to quench the aerosol coming out of the flame
24]. The quenching helps decreasing the average particle size
y suddenly lowering the temperature and thus decreasing the
ate of sintering. The product particles were collected directly
n the GDL (Toray TGPH090) by withdrawing the nanoparticle
erosol from the flame through it by using a gas-ejector vacuum
ump (PIAB Classic). Here, the Valcun carbon painted GDL
as, in principle, applied as a catalyst nanoparticle filter. The

hin carbon layer improves the filtration efficiency as well as the
erformance of the anode in methanol electro-oxidation [25].

.2. Electrochemical experiments

The flame aerosol produced anodes with a Pt1Ru1 catalyst
ayer was soaked with 5% Nafion in lower aliphatic alcohol solu-
ion (Aldrich Chemical Co.). The ionomer weight was ∼20% of
he catalyst. The cathodes (IRD DMFC 3.00) had 1.2 mg cm−2

56% Pt/C catalyst (Johnson Matthey) and were obtained cour-
esy of IRD Fuel Cells A/S. Both the electrodes had a geometric
urface area of 3.14 cm2. The MEA was fabricated by sandwi-
hing Nafion 117 membrane between the anode and the cathode
nd pressing the assembly at ∼4 bar and 135 ◦C for 5 min. The
athode, which also acted as a dynamic hydrogen electrode
DHE) [3,5,19], was fed with humidified H2 at 5 ml min−1. All
he experimental results reported in the paper should be taken
elative to DHE.

The MEA was loaded inside a single cell fuel cell test sta-
ion described earlier [3]. Before the introduction of methanol
t the anode, the chamber was fed with water for humidifying
he membrane and the catalyst layer for 2 h while the cathode
as fed with H2. After 2 h, the cell temperature was raised
o 50 ◦C (or 90 ◦C) and 1.0 M methanol (99.99%, ACS grade,
igma–Aldrich) was fed to the anode at 1 ml min−1. After 5 min
f the starting of the methanol flow, the following set of mea-
urements was taken: cyclic voltammetry between 0 and 0.8 V
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t 5 mV s−1; impedance at open circuit potential; one minute
est (no applied potential); impedance at 0.45 V bias potential.
he set was repeated six times with 10 min resting time between
ach set. Each set, including 10 min resting time, took ∼25 min
o complete. After the pretreatments, the anodes were peeled off
arefully from the membrane and kept for XRD. The impedance
ata were taken using single sine option with a sine perturbation
f 10 mV rms on top of the bias potential. The cell was allowed
1 min equilibrium time at the bias potential before starting the
easurement. The data were obtained within a frequency range

rom 100 kHz to 50 mHz with logarithmically spaced 100 data
oints.

.3. Physical and chemical characterization

The high-resolution transmission electron microscopy

HRTEM) images and selected area diffraction patterns
SADPs) were taken at the RISOE national laboratory by a JOEL
000F with an acceleration voltage of 297 kV. The XRD patterns
ere obtained from the catalyzed GDL with a Philips diffrac-

o
r
1
e

ig. 1. (a) TEM image showing an overall view of as-prepared PtRu; (b) selected ar
1) 2.22 Å Pt (1 1 1), (2) 2 Å Pt (2 0 0), (3) 1.35 Å Pt (2 2 0), (4) 1.2 Å Pt (3 1 1); (c) La
and rutile RuO2 (2 1 1) denoted by three faces are observed. All the unmarked face
er Sources 173 (2007) 110–120

ometer with a Cu K� radiation source and a nickel filter. The
cans were performed over a 2θ range of 20–95◦ with a scan step
f 0.05◦ and acquisition time of 4s. An external Si standard was
sed to correct the sample displacement errors [3,26]. The Si
owder (Aldrich) was sprinkled carefully on the catalyzed layer
efore taking XRD pattern.

. Results and discussion

An overview TEM image of as prepared catalyst is shown in
ig. 1a. The individual catalyst particles range in size from ∼2 to
11 nm. While some particles are seen to exist separately, most

f the smaller particles form long cluster by neck formation.
atches of darker contrasts can be observed on the crystalline
tructures. These patches could be amorphous phases of PtRuOx

s discussed in our previous article [3]. The selected area dif-
raction patterns (SADPs) (Fig. 1b) show diffraction rings of

nly face-centered cubic (FCC) metallic Pt or very highly Pt
ich PtRu alloy. The rings index to: (1) 2.22 Å Pt (1 1 1); (2)
.98 Å Pt (2 0 0); (3) 1.35 Å Pt (2 2 2); (4) 1.2 Å Pt (3 1 1). Stroud
t al. while reporting SADPs of Johnson Matthey PtRu (50 at.

ea diffraction patterns of as-prepared PtRu. The sample indexes to metallic Pt:
ttice images of as-prepared PtRu. Pt (1 1 1) denoted by 1, Pt (2 0 0) denoted by
s in the image are Pt (2 0 0).
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Fig. 2. (a) Improvement of methanol oxidation activity with pretreatment. The
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) related the fringes with spacing like (1) with both rutile mix-
ure of (Pt, Ru)O2 (2 0 0) and fcc metallic PtRu (1 1 1) [27]. But
hey also observed fringes of rutile (Pt, Ru)O2 (1 1 0), rutile (Pt,
u)O2 (1 0 1), and rutile (Pt, Ru)O2 (2 1 1), none of which has
een observed for our flame made PtRu. Therefore, the fringes
roducing the first ring can be attributed to Pt (1 1 1) only. No ring
ndexing to crystalline Ru or any oxide phase is detected. The
attice images of the as-prepared sample (Fig. 1c) show only two
ringes found in the SADPs of Pt (1 1 1) and Pt (2 0 0). Interes-
ingly, however, unlike the SADPs, fringes of rutile RuO2 (2 1 1)
ith spacing of 1.7 Å can also be found. One possible reason for
ot getting rings of rutile RuO2 is that this is present in negli-
ible amount. The TEM images and SADPs nicely complement
he conclusion drawn in our previous article [3] about the mor-
hology and composition of the deposit based on XRD, X-ray
nergy dispersive spectroscopy (EDS) and X-ray photoelectron
pectroscopy (XPS). Additionally, possible traces of amorphous
aterials on the images of the crystalline phases and traces of

attice fringes representing rutile RuO2 have been observed in
he TEM images. To summarize, the flame synthesized PtRu
50 at.%) consists of crystalline phases of metallic Pt or highly
t rich PtRu alloys and Ru rich amorphous phases of PtRuOx,
t least some of which stay in close contact with the crystalline
hases. Besides in the amorphous phase, a small amount of Ru
ay also be present as rutile RuO2.
Fig. 2a shows the improvement in polarization behavior with

ime as the PtRu catalyst was exposed to methanol. After 100 min
f exposure of methanol at 50 ◦C, the improvement plateaus to a
alue ∼20 from ∼7.5 mA cm−2 at the beginning. Fig. 2b shows
he change in current density with time at 0.45 V read from
he CVs for the 50 ◦C (Fig. 2a) and the 90 ◦C exposures (not
hown). The interesting point to note from these figures is that
he rate of change of current density varies for two temperatures.
fter 30 min, the rates of current density change are 0.17 and
.94 mA cm−2 min−1 for 50 and 90 ◦C, respectively. The rates of
hange, after 60 min have become 0.1 and 0.2 mA cm−2 min−1

or 50 and 90 ◦C, respectively. At 50 ◦C, going from 30 to
0 min, the rate decreases by only 0.07 mA cm−2 min−1. On the
ontrary, at 90 ◦C, going from 30 to 60 min, the rate decreases
y 0.74 mA cm−2 min−1. This means that at higher temperature
he process reaches towards equilibrium much faster or in other
ords the process is kinetically controlled.
The impedance spectra taken at different times during condi-

ioning are shown in Fig. 3. It could be seen that the x-axis
ntercept of the capacitive loop decreases with time of exposure
t 50 ◦C from ∼19 to ∼11 � cm2. The spectra show pseudoin-
uctive behavior at low frequencies, which is very typical of
eactions with adsorbed intermediates [28,29]. In a recent article,
t has been shown that the occurrence of pseudoinductive loop
nd onset potential coincide for methanol oxidation on PtRu. It
as also been observed that the occurrence of the pseudoinduc-
ive loop lowers the x-axis intercept of the spectra [14]. A very
imilar scenario arises in case of the anodic dissolution of Mg in

hloride and sulphate solutions. It has been proposed based on
ao’s theory that the inductive loop could be attributed mainly

o the broken area of the protective surface film and the capaci-
ive loop is related to the Mg+ concentration within the broken

t
c
d
t

uiding the eye and not the result of any curve fitting. Anode: flame prepared
tRu ∼0.28 mg cm−2 and cathode: 1.2 mg cm−2 ∼56% Pt/C (Johnson Matthey).

rea [30]. Interestingly, methanol oxidation on PtRu can also
e explained using the same analogy as Mg dissolution. Before
he onset, the catalysts surface is completely covered by the
dsorbed hydrogen and residues from methanol dehydrogena-
ion. So, there is no free site (like broken protective layer for Mg
issolution) available for further methanol oxidation. When the
otential goes to the onset (and above), holes are created in the
dsorbed layer by the oxidation of the residues. So, we observed
he inductive loop only after the onset potential. Therefore, we

ould relate the capacitive loop to the concentration of the resi-
ues in the holes. However, to get quantitative information from
he spectra, fitting of the data with a suitable equivalent circuit
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Fig. 3. Nyquist plots showing the improvement of the anode performance.
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oints: experiments data; lines: obtained by fitting the data to equivalent cir-
uit shown in Fig. 4. Anode: flame prepared PtRu ∼0.28 mg cm−2 and cathode:
.2 mg cm−2 ∼56% Pt/C (Johnson Matthey).

s necessary. The circuit shown in Fig. 4 was found suitable to
t the data. The methanol electrooxidation reaction on PtRu can
e defined in general by the following steps:

CH3OH)sol → (CH3OH)ads → COads + 4H+ + 4e− (1)

2O → (OH)ads + H+ + e− (2)

CO)ads + (OH)ads → CO2 + H+ + e− (3)

he above reaction scheme is the generally accepted metha-
ol electrooxidation reaction mechanism on PtRu [31–36], even
hough the existence of other parallel pathways had also been
uggested [37]. The methanol dehydrogenation reaction (Eq.
1)) is a multi-step process producing one or more surface bound
pecies. However, only (CO)ads species has been detected by
pectroscopic studies, implying that the other surface bound
ntermediates have very short lifetime to be detected. Second
tep (Eq. (2)) and the final step (Eq. (3)) are the water activa-
ion and residue oxidation step, respectively. By considering the

bove-mentioned mechanism, we may assign different elements
f Fig. 4 to the possible reaction equivalents. The resistance RCt
an be assigned to the charge transfer process. The (CadRad)
nalog can be assigned to the adsorption and dehydrogenation

Fig. 4. Equivalent circuit used for fitting impedance data.
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rocess. Both Rox and Cox have negative values because the
CoxRox) analog represents the inductive loop. The (CoxRox)
nalog can be assigned to the surface bound residue oxidation
rocess. This assignment can be rationalized by the effect of Rox
n the whole circuit. Because it has a negative value, it decreases
he total cell resistance. The same effect can be expected if the
urface bound residues are oxidized to make free sites available
or the methanol oxidation reaction to proceed. The capacitance
dl, placed in parallel with the RCt(CadRad)(CoxRox), accounts

or the effect of the double layer. The resistance, Re and the
nductance, L, outside the double layer capacitance are due to
he electrolyte (membrane) resistance and the effect of connec-
ing wires and metals plates, respectively. The element O, known
s the finite length diffusion Warburg element has the following
xpression for impedance:

O = tanh
B

√
jω

Y0(
√

jω)
(4)

here ω is the frequency and B and Y0 are fitted parameters
efined as

0 = n2F2Ac(D)0.5

RT
(5)

= δ

D0.5 (6)

here δ is the thickness of the diffusion layer (cm), A the real
urface area of the working electrode (cm2), D the diffusion
onstant of the species concerned (cm2 s−1), n the number of
lectrons transferred, F the Faraday constant (C mol−1), and c
s the concentration in the bulk (mol cm−3). The fitted parame-
er B is the square root of the diffusion time constant τD [38].
he position of the finite length diffusion element outside the
ouble layer analog represents a diffusion process that is not rate
etermining for the system [39].

Fig. 5 shows the different fitted parameters. Fig. 5a shows that
0 is increasing while B is decreasing with time of pretreatment.
ccording to Eqs. (5) and (6), the trends of Y0 and B indicates

hat the diffusion process is improving with the pretreatment.
owever, the maximum value of the diffusion time constant,

D, is ∼0.044 s. This time constant is at least an order of magni-
ude lower than the time constant of the rate-determining step
discussed in the subsequent paragraphs). Therefore, the diffu-
ion process will have no influence what so ever on the overall
inetics. It can be seen from Fig. 5b that the value of the mem-
rane resistance, Re (∼0.71 � cm2) does not vary appreciably
ith the duration of pretreatment. Therefore, it does not have any

ignificant influence on the performance improvement. Moreo-
er, the polarization curves are corrected for iR losses using these
alues of Re, taking out the contribution of these resistances. The
retreatment also does not significantly change the value of Cdl,
hich remains ∼4 mF cm−2 (Fig. 5c). It has been suggested that

he electrochemically active surface areas may be estimated by

he values of Cdl which is usually proportional to the active sur-
ace area [18,40–44]. This method can be especially very useful
or unsupported catalyst [44]. If that is really the case, it can be
educed from the of Cdl values that the three phase area or elec-
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ig. 5. Variation of different parameters of the equivalent circuit with time. (a) Y
remains unchanged at ∼1.4 × 10−6 H cm2. Anode: flame prepared PtRu ∼0.2

roactive surface area of the anode catalyst layer remains more
r less unchanged with pretreatment.

Fig. 5b shows that even though RCt, Rad, and Rox are chan-
ing with time of pretreatment, the major contributions to the
ell resistance come from Rad and Rox. The charge transfer
esistance, RCt, decreases from a value of ∼1.4 � cm2 at the
eginning to a value of ∼0.9 � cm2 after the pretreatment has
een completed. The adsorption resistance, Rad, however, shows
decrease from 14.25 � cm2 at the beginning to 9.5 � cm2
fter 125 min. The meaning of this decrease from kinetics point
f view is that the resistance for the adsorption of methanol
s decreasing with pretreatment. The adsorption pseudocapa-
itance, Cad, increases from 0.00385 to 0.00452 F cm−2 after

o
t
o
d

. time; (b) resistances vs. time; (c) pseudocapacitances vs. time. The inductance
cm−2 and cathode: 1.2 mg cm−2 ∼56% Pt/C (Johnson Matthey).

25 min (Fig. 5c). One interpretation of this increase is that
he adsorption isotherm is becoming steeper with pretreatment.
owever, the time constant for the adsorption and dehydroge-
ation process (τad = RadCad) decreases, albeit slightly, with the
ime of pretreatment meaning that the kinetics of the process
epresented by τad is improving with pretreatment (Fig. 6). The
xidation resistance, Rox, which is beneficial to the cell perfor-
ance, on the other hand, shows a steady gradual decrease in

alue from ∼4.2 to ∼3 � cm2 after 125 min (Fig. 5b). The value

f the oxidation pseudocapacitance also decreases with the pre-
reatment time from ∼0.54 to ∼0.23 F cm−2. The time constant
f the oxidation process (τox = RoxCox) also shows a gradual
ecrease with pretreatment (Fig. 6).
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Fig. 7. Response of the system for a step change in potential at different times.
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ig. 6. Variation of time constant with pre-treatment; τad: adsorption and dehy-
rogenation time constant and τox: oxidation time constant. The lines are guide
o the eye and not the result of curve fitting.

The effect of changing time constants on the whole pro-
ess can be explored by using a transfer function approach. We
hall assume that the process of adsorption and oxidation are
on-interacting, i.e. the adsorption process affects the residue
xidation process but the former is not significantly affected
y the later. This assumption is indeed valid because the τox
s at least an order of magnitude higher than τad. Kinetically,
his means that one can expect a complete coverage of the
esidues whatever the oxidation rate is. The consideration of non-
nteraction gives a combined transfer function of the adsorption
nd oxidation process as follows [45]:

(s) = Ka

τads + 1

Ko

τoxs + 1
(7)

here Ka and Ko are gains of the adsorption and oxidation pro-
esses. The current response of the two non-interacting systems
o a unit step change in the potential is given by [45]

(t) = K

[
1 + 1

τox − τad

(
τad exp

( −t

τad

)
− τox exp

( −t

τox

))]

(8)

Fig. 7 shows the response of the system for a step change in
otential at different times. It is clearly seen that the time to reach
steady state after a step change in potential decreases as the

retreatment time increases. At the start the time is around 10 s
hereas after 125 min, it becomes around 2.5 s. As shown by the

nsert of Fig. 7, the decrease is closely related to the decrease
n τox. This is in compliance with the assumption that oxidation

f surface residue is the rate limiting step. Now the question is
hether these improvement be explained based on the chemistry
f PtRu after the catalyst being exposed to methanol in a fuel
ell.

P

v

nsert: relation between the overall process and the oxidation and adsorption
rocess simulated by using the data of 0 min response.

Bulk Pt and Ru oxides, as discussed by Holstein and
osenfeld based on the compilations of Pourbaix (at pH 0,
ydrogen partial pressure = 1 atm), are not thermodynamically
table below ∼0.8 V versus RHE even in the absence of redu-
ing molecules like methanol [46]. Because of the acidic Nafion
n a wet cell, the pH of the anode should be fairly close to
ero. Moreover, the presence of methanol could only make the
educing condition stronger. The reduction of Pt and Ru oxides,
resent in the as prepared PtRu catalyst, to metallic states after
eing used as DMFC anode has been reported by O’Grady et al.
11]. They also observed by means of in situ X-ray adsorption
pectroscopy (XAS) that both Pt and Ru oxides are completely
educed to metallic form even when the catalyst was held at 0.1 V
ersus RHE in 0.1 M H2SO4. Viswanathan et al. have reported
imilar reduction of both Pt and Ru oxides during fuel cell ope-
ation with reformate-air [12]. Based on the above discussion,
plausible mechanism of the reduction of the anode catalyst in
resence of methanol can be proposed as follows:

tOx + H+ ⇔ Pt + H2O (9)

t + H+ + e− ⇔ Pt − H (10)

Pt + CH3OH → Pt − COHx + P − H (11)

t − COHx + Pt − Ox → 2Pt + CO2 + H2O (12)

t − COHx + RuOx → Pt + Ru + CO2 + H2O (13)

t − H + PtOx → 2Pt + H2O (14)
t − H + RuOx → Pt + Ru + H2O (15)

As mentioned before, the picture that emerges from the
arious characterization of the as-prepared catalyst is an amor-
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hous skin consisting of a mixture of PtOx and RuOx on top of
crystalline mostly unalloyed Pt core. When this amorphous

hase becomes exposed to a pH very close to zero which is
he most likely situation in the catalyst layer of a DMFC, some
tOx will reduce first to form metallic Pt because it is ther-
odynamically unstable (Eq. (9)). Even though, RuOx is also

hermodynamically unstable at near zero pH, PtOx will probably
e reduced to Pt faster because Pt is nobler than Ru. Now the Pt
ill adsorb and dehydrogenate methanol to from Pt–COHx and
t–H. These two species will further reduce both neighboring
tOx and RuOx to create metallic Pt and Ru (Eqs. (12)–(15)). It
hould be mentioned that the process of reduction could also be
ossible without methanol through Eqs. (9), (10), (14) and (15).
t has been deduced by Davies et al. that both H2 and CO could
educe oxidized PtRu even at room temperature and contrary
o thermodynamic predictions, H2 is a more efficient reducing
gent of PtRu oxides compared to CO [47]. The presence of
ethanol will improve the kinetics of the reduction process by

ot only supplying carbon containing residues (COHx), but also
roviding higher concentration of Pt–H produced from the dehy-
rogenation of methanol. Therefore, it is most likely that as the
retreatment proceeds, we are going to have more and more PtOx

nd RuOx reducing to metallic form.
It is well accepted that PtOx blocks the initial stage of the

ethanol oxidation process because it is a C–H bond cleavage
rocess which requires a metal surface site that can stabilize
ads intermediate [5,10]. Therefore it is most likely that with

he reduction of PtOx to metallic Pt, the resistance for adsorp-
ion, Rad will decrease. But the step of adsorption of methanol
ill not have any effect on the improvement of activity as the

ate limiting step is the oxidation of the surface bound residues.
herefore, the residue oxidation step must have to improve to
how an improvement in the overall performance. The residue
xidation at the low potential (∼0.4 V) requires surface oxides
n Ru as on Pt surface oxides do not form below 0.5 V versus
HE [20]. However, there is still no consensus yet if the presence
f RuOx or Ru in the anode catalysts is better for the residue oxi-
ation process. Rolison et al. have argued that the presence of
uOx is beneficial not only because it is an excellent proton
onductor but also its ability in hydrous form to supply Ru–OH
pecies required for the bifunctional mechanism according to
he following reaction [8,10]:

u+4 − O2− + H+ + e ↔ Ru3+ − OH− (16)

However, the majority of the researchers have opposed the
dea of RuOx having any beneficial effect in terms of supplying
he oxygenated species required for the cleaning of surface resi-
ues. On the contrary, it has been postulated that the presence
f oxides is detrimental by way of blocking of the active sites
5,6,48]. Moreover, based on thermodynamics and XAS studies,
t is hard to conceive that the RuOx detected in the as prepa-
ed PtRu catalysts will be stable enough to remain as oxides

nder the DMFC operating conditions. We also would like to
ostulate that the improvement in the performance with pre-
reatment is related to the reduction of both the PtOx and RuOx

resent in the as prepared catalyst. In order to test the hypothe-

w
c
t

are also observed. The dotted lines are experimental data and the solid lines
how the fitted Lorentzian peaks. The spectra were collected between the 2θ

alues of 20◦ and 95◦; however, a zoomed-in window of 25–70◦ is shown.

is, XRD has been done on both the virgin and pretreated anode
atalysts.

Fig. 8 shows the XRD of the virgin electrode and the pretrea-
ed anode. Only deflections from the face centered cubic (fcc)
attices of Pt metal are observed; absent are lines from hexa-
onal closed-packed (hpc) lattice of Ru metal. This is typical
f PtRu containing ≥50 at.% Pt [49–51]. The Pt peaks of the
retreated sample show no shift from the virgin sample. The
attice parameters (afcc) and the average particle size (d) for
he nanocrystalline phase are calculated from the peak positions
nd peak broadenings, respectively, of Pt (1 1 1) by using the
ollowing formula:

fcc =
√

3λ

2 sin θ
(17)

= Kλ

β cos θ
(18)
here λ = 1.54056 Å is the wavelength of radiation used, K a
onstant (a value of 0.9 is used), θ and β are the Bragg angle and
he width of the measured peak, respectively.
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Table 1
Fitted parameters of the XRD pattern

Sample Peak position of
fcc phase (◦)

Peak width of
fcc phase (◦)

R2 Lattice parameter
(afcc) (nm)

Average particle size (nm) Position of
neighboring peak (◦)

V 3.9
5 3.9
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as anode of a DMFC under the same conditions, albeit the loss
was slower compared to liquid electrolyte [46]. Compared to
the above-mentioned reports, the flame prepared mixed phase
PtRu showed remarkable stability. The anode has been cycled
irgin 39.84 ± 0.01 0.94 ± 0.03 0.95
0 ◦C treated 39.82 ± 0.011 1.024 ± 0.04 0.94

The Pt (1 1 1) peaks have been fitted with Lorentzian func-
ion considering the interference from the graphite (0 1 0) peaks
hich have also been fitted with Lorentzian function. The details
f the fitting parameter along with the lattice parameters (afcc)
alculated from Eq. (17) and average particle size calculated
rom Eq. (18) are shown in Table 1. Also included are the
ositions of the neighboring peak which remains more or less
onstant at 43.1◦, to show the accuracy of the estimate. The posi-
ion of the diffraction of the fcc crystalline phase remains more
r less unchanged for the samples at ∼39.8◦ which gives an afcc
alue of ∼3.92 Å. This lattice parameter implies that the crys-
alline phase for all the samples are pure Pt. The particle size,
owever, varies slightly for the two samples: 9 nm for the virgin
ample, 8.25 nm for the pretreated sample. Now, we could try to
xplain the XRD results considering the reduction mechanism
roposed above. The mixed oxide amorphous skin gets reduced
o form metallic Pt and Ru. Therefore, due to reduction, most
ikely a mixture of Pt and Ru will be formed. That the newly
ormed Pt and Ru remain as a haphazard mixture than forming
ong-range order is evident from the lack of any sign of alloying
ven after the pretreatment. The slight decrease in the average
article size after the pretreatment may be due to the smaller par-
icles of Pt formed during the pretreatment process. There is no
vidence of the hexagonal closed pack (hcp) Ru peak in the XRD
fter pretreatment possibly either because the Ru particles are
wo small to produce diffractions which can be separated from
he background or as the sample has been exposed to ambient
fter pretreatment, Ru is phased out as amorphous RuOx. In fact
t has been reported by Viswanathan et al. that the reduction
f RuOx of PtRu during pretreatment is pretty much reversible:
he Ru K-edge X-ray adsorption near-edge spectrum of the pre-
reated but air-exposed sample resembled that of fresh sample
12].

Now we would like to comment on the previously reported [3]
igher mass activity of the flame synthesized PtRu mixed phase
atalysts compared to the well alloyed 10% PtRu/C (E-TEK)
ased on the above discussions. In the article it was mentio-
ed that the anode treated with H2 and methanol at 90 ◦C for
aking it stable. The results presented above suggest the expo-

ure of methanol to the flame synthesized mixed phase anode
roduces a mixture of metallic Pt and Ru with the absence of
ong-range order. It has been shown that physical mixture of Pt
nd Ru, Ru decorated Pt, and Pt decorated Ru are as good as
r better for methanol as well as H2/CO oxidation [52–56]. Our
esults in this work along with our previous paper show that the

ixed phase unalloyed PtRu can have better activity for metha-

ol oxidation in a fuel cell compared to well-alloyed PtRu. It
eems that for bifunctional mechanism, the most widely propo-
ed mechanism for the promotion of Pt by Ru [7,32,34,35,57],

F
c

16 ± 0.001 9.0 ± 0.29 43.08 ± 0.036
17 ± 0.001 8.25 ± 0.32 43.18 ± 0.04

o be active the proximity of the Pt and Ru sites is the most
mportant criterion: the proximity could either be achieved by
lloying or the methods mentioned above.

Finally, to show that the undetectable Ru has indeed a role to
lay in the mixed phase catalyst, the anode has been given severe
reatment with different cycles up to 1.6 V versus DHE for more
han 30 h. Preferential Ru dissolution from bulk PtRu alloy with
at.% Ru was reported by Gasteiger et al. when cycling between
.075 and 0.95 V versus RHE. Significant change in the elec-
rode behavior was observed even after 10 cycles at 20 mV s−1.
owever, the PtRu with 46 at.% of Ru was stable after 10 cycles

58]. Davies et al. reported oxidative dissolution of Ru deposi-
ed on Pt (1 1 1) and Pt (1 1 0) and concluded that the stability
f PtRu against Ru dissolution increases when Ru was incor-
orated in an alloy on Pt surfaces [59,60]. Behm et al. reported
issolution of Ru from nanoparticulate PtRu after cycling it to a
igher potential of 0.8 V versus RHE [61]. Holstein and Rosen-
eld by using X-ray absorption spectroscopy (XAS) reported
hat Ru dissolution occurs in presence of methanol also: nafion

ixed 20% 1:1 PtRu/C anode dipped in 1.0 M methanol + 0.5 M
2SO4 lost over half of the Ru during the first 12 cycle from 0.01

o 1.36 V versus RHE at 20 mV s−1 at 25 ◦C. The Ru loss was
lso observed when the experiment was done with the PtRu/C
ig. 9. Plot of log(I) vs. E for fresh and Ru depleted anode. The potential is not
orrected for iR loss.
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or more than 30 h to demonstrate the effect of Ru dissolution.
he effect of Ru dissolution can be observed in Fig. 9. The onset
f methanol oxidation moved to ∼45 mV more positive poten-
ials compared to the relatively fresh anode. It can also be seen
hat below 0.55 V, the fresh anode performs better compared to
he Ru depleted anode. However, potential above 0.55 V, the Ru
epleted anode shows much better performance. These obser-
ations are similar to the reports of methanol oxidation on PtRu
ith different compositions at room temperature: as the wor-
ing potential increases, the catalysts containing lower loading
f Ru performs better with Pt being the most active at very high
ut technologically irrelevant applied potentials [62,63]. Even
hough our experiments have been done at 50 ◦C, one should
ot expect to see a change in the above-mentioned trend of
oom temperature methanol oxidation on PtRu below 60 ◦C.
nly above 60 ◦C, Ru, besides Pt, starts to adsorb and disso-

iate methanol and therefore the kinetics can be different from
he room temperature kinetics [62]. Therefore, Ru in the mixed
hase PtRu catalyst does play a role of lowering the onset poten-
ial of methanol oxidation by most probably producing surface
xides at a lower potential than Pt.

. Conclusion

It has been shown that the activity of the flame synthesized
s-prepared mixed phase PtRu anode toward methanol oxidation
mproves with the exposure of methanol. An improvement in the
ctivity of the catalyst has been observed with a 50 ◦C treatment
or 125 min. The XRD analysis showed that the crystalline phase
f the catalyst was unalloyed fcc Pt for both as-prepared and
retreated samples. However, the average particle size changed
ith exposure of methanol: from ∼9 nm for the virgin catalyst to
8.25 nm for 50 ◦C treated sample. A mechanism of the recons-

ruction process through the reduction of PtRuOx skins has been
roposed. It was deduced that at the DMFC operating condi-
ions the PtRu anode exists in metallic states. Even though the
atalyst remains unalloyed, a close proximity of the Pt and Ru
ctive sites enables the promotion of Pt by Ru.
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