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Electrocatalytic Reduction of Oxygen by FePt Alloy Nanoparticles
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FePtioo-x Nanoparticles of different compositions € 63, 58, 54, 42, 15, and 0) were prepared and loaded
onto a glassy carbon (GC) electrode where their catalytic activities in the electroreduction of oxygen were
examined and compared. Cyclic and rotating disk voltammetric studies of the resuliftgd=¢GC electrodes
showed that the catalytic activity for oxygen reduction exhibited a peak-shape dependence on the particle
composition X). Among the series of nanocatalysts under studyFig particles showed the maximum
activity for O, reduction in terms of the reduction overpotential and current density. This was accounted for
by the effects of the Fe content on the electronic structures of the Pt active sites and the restlng Pt
interactions. Kinetic analyses showed that direct four-electron reduction of adsorbed oxygen occurred on
these catalyst surfaces. Additionally, the rate constantge@uction increased with increasing Pt content in

the alloy particles; yet, at < 42, the rate constant exhibited only a very small increment. These studies
suggest that the k€t particles might represent an optimal composition for oxygen reduction among the
series of nanopatrticle catalysts under the present study.

Introduction Another less efficient pathway involves two steps in which

) oxygen is first reduced to hydrogen peroxide intermediates and
In recent years, fuel cells such as direct methanol fuel cells o, electrochemically reduced to water

(DMFCs) and polymer electrolyte membrane fuel cells (PEM-

FCs) are attracting much attention due to their potential 0, Oyaq) (2a)
applications as effective power sources with high-energy
efficiency and low air pollutiort-3 To improve the performance Oyan+ 2H" + 26 — H,0, 4 (2b)
and to reduce the costs of fuel cells, a wide variety of (ad) (ad)
electrocatalysts have been prepared and evaluated for anodic —

Y brep H,Oj0q+ 2H" + 26 —H,0 (2c)

and cathodic electron-transfer reactidns Oxygen electrore-
duction represents a critical cathodic process in fuel cells. In
the past decades, various cathode catalysts, such as singl
crystals of noble metafs? single crystals modified with non-
noble metald®12 pt-free catalyst§3-22 and Pt-based metal
alloys, have been tested for oxygen reduction. Of these, Pt alloys
(e.g., NiPt, CoPt, FePt, CrPt, eté¥;3! especially nanosized Pt
alloys?>32-34 have demonstrated substantially greater activities
than others. By incorporating a second metal into the Pt
catalysts, the alloying process results in a favorable FRt
distance for the dissociative adsorption of li2cause the base
gsﬁzﬁgggzgg: ?;[gr:(fti?/irt‘e t]}(/) F;'(;i”y 2?2‘5&;2?2 dPEﬁIg?aﬁdmg o enhance the ORR activity of Pt-based alloy catalysts, adsorption
y Y Y9 u ’ of OH on the second metal must be facilitated, whereas the

Oxygen reduction reactions (ORR) on the cathode surface 5gsorption on the Pt sites should be diminished, since high

have complicated reaction pathwdy. The most efficient  cqyerage of adsorbed OH species on the Pt surface has been
pathway is the so-called direct four-electron reduction of ,roued to inhibit the oxygen reduction reactidig:2943In

adsorbed oxygen to water (the subscript *ad” denotes surfacepreyious X-ray absorption near-edge structure studies, binary

Although considerable efforts have been devoted to the studies
8f cathode electrocatalyts, in most cases a measuraple O
reduction current is detected only at potentials that are much
more negative than the standard potentiatdf229 V (vs the
normal hydrogen electrode, NHE). The high overpotentials arise
primarily because of the sluggish electron-transfer kinetics. In
recent years, numerous mechanistic studies have been carried
out that are geared toward a fundamental understanding of the
reaction dynamics for catalytic activity improvement and
optimization243538-42 |t js usually believed that, in order to

adsorbed states) alloys such as CrPt and FePt have been found to exhibit these
favorable chemisorption characteristics of OH spe#ies.
0, = Oyaq) (1a) Of these, FePt bulk alloys have been studied extensively both
experimentally and theoreticalfy.31:35:38.40.4446 They are typi-
Oyaq)t AH" + 4e” — 2H,0 (1b) cally prepared by the sputtering method and exhibit higher

electrocatalytic activities for ORR than the pure Pt niétas
_well as other binary alloys such as NiPt, MnPt, and C8Pt.
“To whom correspondence should be addressed. E-mail: |5 these studies, the alloy composition has been found to be
schen@chemistry.ucsc.edu. . ’ . .
T University of California, Santa Cruz. one of the important parameters that dictate the electrocatalytic
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TABLE 1: Core Size and Elemental Composition of the FgPt;p0-x Nanoparticles®
core COmpOSitiO’ﬁ Pt FQSPtSS F&zPE8 FQ’,4Pt46 Fe53PT42 F%3Pt;7
core size (nnf) 2.78+ 0.95 2.47+ 0.56 2.35+0.18 2.52+0.81 2.48+ 0.38 2.42+ 0.61

aParticle core compositions were evaluated by energy-dispersive X-ray anflpsigicle core sizes were derived from TEM measurements.

out with nanosized FePt alloy particles. It is well-known that particles and remaining organic deposits before being immersed
nanoparticles exhibit a substantially higher density of active into an electrolyte solution for electrochemical studies. All
atomic steps, edges, and kinks that may result in higher catalyticelectrochemical experiments were performed in a single-
activities than the bulk counterpaffsThus, in this paper, a  compartment glass cell using a standard three-electrode con-
series of FgPtipo-x NanoparticlesX = 63, 58, 54, 42, 15, and  figuration. A Ag/AgCl (in 3 M NacCl, aq) (Bioanalytical

0) were prepared by a chemical reduction method and their Systems, MF-2052) and a Pt coil were used as the reference
electrocatalytic activities for ORR were examined and compared and counter electrodes, respectively. All electrode potentials in
by cyclic and rotating disk voltammetry (RDV). Because of the the present study were referred to this Ag/AgCl reference
similarity of the particle size and dispersity, the core size electrode. Cyclic voltammetry (CV) and RDV were carried out
effectd548-50 on the catalytic activity were minimized, and the by using a computer-controlled Bioanalytical Systems (BAS)
results indicated that FePt nanoparticles with the Fe/Pt atomic Electrochemical Analyzer (Model 100B). Oxygen reduction
ratio around 1:1 appeared to exhibit the optimal composition reactions were examined by first bubbling the electrolyte
for ORR among the series of nanoparticle catalysts in the presentsolution with ultrahigh purity oxygen for at least 15 min and
study. then blanketing the solution with an oxygen atmosphere during
the entire experimental procedure. All electrochemical experi-
Experimental Section ments were carried out at room temperature.

Materials. Perchloric acid (HCI@Q Fisher, 99.999%) was Results and Discussion
used as received. Water was supplied by a Barnstead Nanopure
water system (18.3 K2 cm). Ultrapure N and Q were used
for the deaeration of the electrolytes and oxygen reductio
reaction, respectively.

Cyclic Voltammetry. Figure 1 shows the cyclic voltammo-
n grams of the Fét100-/GC electrodesx= 63, 58, 54, 42, 15,
and 0) in 0.1 M HCIQ deaerated by ultrahigh purity nitrogen.

. . ) The voltammetric features are all very similar to those of a
Preparation of FePtioo-« Nanoparticles. The synthesis and -y crystalline Pt electrod®:56 the adsorption and desorption

characterization of the RRtioo-x hanoparticles stabilized by ¢ hydrogen within the potential range ef0.25 to 0.0 V, the
oleylamine and oleic acid have been described previdush. double-layer capacitance region between 0.0 46¢7 V, the
In a typical reaction, under a gentle flow of,NPt(acetylac-  formation of Pt oxides at potentials more positive tha@.7
etonate), 1,2-hexadecanediol, dioctylether were mixed at room \/ and the reduction of Pt oxides in the cathodic potential scan.
temperature and heated to 1. Oleic acid, oleyl amine, and  gych voltammetric features have been observed with other Pt-

different amounts of Fe(C@)vere added and the mixture was  pased alloys such as CoPt, NiPt, and FePt, and they are ascribed
heated to reflux (297C) for 30 min. The heat source was (o the formation of a“Ptskin” on the catalyst surfa@e?s.52-54.57.58

removed, and the reaction mixture was cooled down to r00m This pt surface enrichment is caused by Pt dissolution from

temperature. The black product was precipitated by adding the alloys and then redeposition and rearrangement on the
ethanol and separated by centrifugation. The supernatant wasatalyst surface during potential cycling in acidic electrolytes.
discarded and the black precipitate was dispersed in hexane inFrom these voltammetric measurements (Figure 1), the active
the presence of oleic acid and oleylamine. Then, ethanol waspt) surface areas were then quantitatively evaluated on the basis
added to the dispersion and the suspension was centrifugechf the charge for the oxidation of surface-adsorbed hydrogen
again. The precipitate was redispersed in hexane. From transty assuming that hydrogen desorption yields 2@per cn?
mission electron microscopy (TEM) measurements, the particles of the Pt surface area. Table 2 summarizes the surface areas of
were found to exhibit an average core diameter-e82m with the six FgPtioo-,/GC electrodes. It can be seen that the effective
a very narrow size distribution (a representative TEM micro- (Pt) surface area increases with increasing Pt content in the
graph for the Pt particles was included in the Supporting particles, suggesting the formation of a thicker/larger Pt skin
Information, Figure S1; others have been reported ezilidihe on particles with a higher Pt concentration.
particle size and compositishwere summarized in Table 1. Note that although the Pt alloys display voltammetric features
Electrochemistry. A glassy carbon (GC) disk electrode consistent with those of (polycrystalline) Pt, the catalytic
(Bioanalytical Systems, 3.0 mm in diameter) was first polished properties of the Pt skins might differ drastically from those of
with alumina slurries (0.0@m) and then cleaned by sonication a pure Pt surface, which has been ascribed to the electronic
in 0.1 M HNG; H,SO;, and Nanopure water for 10 min  effect of the intermetallic bonding of the base metal-rich inner
successively. EightL of the FgPtioo-x Nanoparticles dissolved  layers with the surface Pt atorffs?5:31,59.60
in CH.Cl, (1.0 mg/mL) was then dropcast onto the clean GC Figure 2 shows the cyclic voltammograms for thePRg o/
electrode surface by a Hamilton microliter syringe (the resulting GC electrodes in anGaturated 0.1 M HCI@aqueous solution
electrodes were denoted asFgyo-x/GC). The particle films at the potential scan rate of 0.1 V/s. Note that the currents have
were dried by a gentle nitrogen stream for 2 min. The organic been normalized to the effective Pt surface areas estimated from
protecting ligands were then removed by oxidation in an Figure 1 (Table 2). The observed cathodic current is ascribed
ultraviolet ozone (UVO) chamber (Jelight Company, Inc., Model to O, reduction on the particle surfaces since the GC substrate
42) for about 15 min (the effectiveness of UVO removal of the is electrochemically inert to Oreduction. The peak current
organic layers was demonstrated by voltammetric measurementslensity increases linearly with the square root of potential scan
in Figure S22 The particle film was then rinsed with  rate (not shown), suggesting that the @duction is under
excessive ethanol and nanopure water to remove loosely boundliffusion control. It can be seen from Figure 2 that the current
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Figure 1. Cyclic voltammograms of the Retiqo-x/GC electrodesx = 63, 58, 54, 42, 15, and 0) after UVO treatment in 0.1 M HEIDhe

electrolyte solution was deaerated by ultrahigh-purity nitrogen for 15 min and protected by a nitrogen atmosphere during the entire experimental
procedure. Current density was calculated by normalizing the voltammetric currents to the surface area of the glassy carbon electrode. Potential
scan rate was 0.1 V/s.

2 b o o =
o O o » o
i
o o
] K g
KK
0 Py
4 WK a

TABLE 2: Kinetic Parameters for O ; Reduction at FgPt;o-x Nanoparticle-Functionalized GC Electrodes

FePtioo-x FessPa7 FessPl2 FesaPus FePss FeisPlgs Pt
Pt surface area (ct 0.016 0.026 0.034 0.037 0.040 0.051
ORR onset potential (V vs Ag/AgCl) 0.49 0.50 0.56 0.61 0.57 0.46
no. electron transfenj¢ 3.69 4.06 3.60 3.60 3.83 3.90

reaction rate constant at0.32 V k, cm/s)  3.70x 10%  147x 10°% 0.90x 10° 6.92x 10° 6.93x 10°  7.53x 1073

20n the basis of the charge for the oxidation of hydrogen adsorbed onto the Pt surfaces (Fi§&=tid)ated from Figures 2 and The
numbers of electron transferred for ORR were calculated from ed Pihe reaction rate constants were derived by using eq 4c.

density and onset potential of ,Qeduction vary with the discrepancy most likely arises from the different structures of
composition of the particles. For instance, for the pure Pt the nanoparticle catalysts that are prepared by different synthetic
nanoparticles, the onset potential for @©duction is about-0.46 protocols.

V, and a current peak can be observed-at035 V; whereas The compositional effects of the fRi0o-x Nanoparticles on

for FeyPts, the onset potential shifts positively t60.61 V, the catalytic activity can be further illustrated by the ORR peak
and a peak appears at ¢80.23 V. Results for other particles  current density, which is summarized in Figure 3. It can be seen
fall in the intermediate range (Table 2). These observations that the Q reduction current density first increases and then
suggest that the FePt nanoalloy catalysts with a “Pt-skin” decreases with the Pt content indPggo-x Nanoparticles; and
actually behave more favorably in oxygen reduction than the the FePt particles with the Fe:Pt atomic ratio around 1:1 exhibit
pure Pt particles. For comparison, by using PdPt alloy parfitles, the largest current density for,@eduction. For instance, for
He and Crooks observed a similar variation of the onset potential the Fe4Pt;s and Fe.Ptsg particles, the peak current density is
with the elemental composition of the nanoparticles, which 2.97 and 3.15 mA/cA respectively; whereas it decreases
ranged from ca+0.45 t0+0.65 V (vs Ag/AgCI); and the most  markedly to 0.60 mA/crhfor the FesPts; particles and 0.85
positive onset potential was found with the Pt-rich;#Ptss mA/cn? for the Pt particles. This is in good agreement with
particles. In contrast, in another study using ordered arrays of previous studies of ©reduction on FePt bulk alloys prepared
Pt and CoPt nanoparticlésKumar and Zou found that the ORR by the sputtering meth&8but is markedly different from the
onset potentials remained virtually invariantted.45 V (vs Ag/ observation with PdPt alloy nanoparticRsyhere the maximum
AgCl), regardless of the particle elemental composition. The activity for ORR occurs at a Pd:Pt ratio of 1:5. It has been



3894 J. Phys. Chem. C, Vol. 112, No. 10, 2008 Chen et al.

o /
E .
E -2 —— FegPty;
E L —— FegPt,
- T —— FemPl%
-3 Fe,,Ple
—— Fe, Pty
Pt
_4 -

_5 T T T T T T T T T T T

03 02 -01 00 0.1 02 03 04 05 06 07 08 09

E (V vs Ag/AgCl)

Figure 2. Cyclic voltammograms of the Retoo-«/GC electrodes (same as those in Figure 1) in 0.1 M HG&urated with oxygen. Current
density was calculated by normalizing the voltammetric currents to the effective platinum surface areas which were estimated from Figure 1.

Potential scan rate was 0.1 V/s.
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Figure 3. Peak current density of Qeduction as a function of the F00-x Nanoparticle composition. Data were obtained from Figure 2.

proposed that the addition of an early transition metal (M) to were all normalized to the effective Pt surface areas as
Pt changes the geometric {HRt bond distance and coordination summarized in Table 2. Note that, betweef.30 and+0.55
number) and/or electronic structures<®H bond energy) of V, the cathodic currents were under mixed kinetic diffusion
Pt2427 Consequently, for M-Pt catalysts, the catalytic properties control, and at more negative potentials, the oxygen reduction
for ORR are strongly dependent on the type and concentrationwas limited by diffusion, as reflected by the linearity of the
of M in the (sub)surface atomic layers. Koutecky—Levich plots in Figures 4B and 5B. On both
Rotating Disk Voltammetry. To further examine the elec-  electrodes (Figure 4A and 5A), the currents in the hydrogen
trocatalytic activity, the kinetics of oxygen reduction at the adsorption/desorption potential region (i.e., belew.05 V)
FePtioo-x nanoparticles was also examined as a function of the exhibited a slight decrease with increasingly negative potential.
catalyst composition by RDV. The rotating disk electrodes Similar results have also been observed previously with Pt single
(RDESs) were the same as those used in the cyclic voltammetriccrystal and Pt alloy electrodé%%3 which are ascribed to the
studies (Figures 1 and 2). Figures 4A and 5A show a series of blocking of the Pt sites by hydrogen adsorption leading to
RDE voltammograms of oxygen reduction at the Pt/GC and impeded dissociation of the -0 bond and hence peroxide
Fe Pt/ GC electrodes, respectively, at different rotation rates production (i.e., incomplete reduction of oxygen, eq 2b).
in a 0.1 M HCIQ, solution saturated with £XDC ramp 20 mV/ Additionally, at the same electrode potentials and rotation
s). Additional data for the other electrodes were included in rates, the current density is the largest with theFggGC
the Supporting Information (Figures S$6). Again, the currents  electrode among the series of electrocatalysts under study. Figure
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Figure 5. (A) RDE voltammograms for the E#%s/GC electrode in
oxygen-saturated 0.1 M HClCGaqueous solution at different rotation
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(shown as figure legends). Current density was calculated by normal- 2tes (shown as figure legends). Current density was calculated by
izing the voltammetric currents to the effective platinum surface areas Normalizing the voltammetric currents to the effective platinum surface
which were estimated from Figure 1. DC ramp 20 mV/s. (B) The &r€as, which were estimated from Figure 1. DC ramp 20 mV/s. (B)

corresponding KouteckylLevich plots (7 vs w %9 at different
electrode potentials. Lines are the linear regressions.

6 depicts the representative RDE voltammograms (at 1600 rpm)
for the six electrodes. For instance, at the electrode potential of
+0.20 V, the current density for the six electrodes wdk56
mA/cn? (FessPlhy), —1.84 mA/cn? (FesgPlip), —2.20 mA/cn?
(F&s4Ple), —3.91 mA/cn? (FeyoPtsg), —3.55 mA/cn? (FersPlgs),
and—1.64 mA/cn? (Pt), respectively. Overall, the variation of
the current density with the particle composition is very similar
to that observed voltammetrically (Figure 3). The same conclu-
sion can be reached by further comparison of the onset potentia
(Figure 6 and Table 2) where theHeisg particles again exhibit
the most positive onset potential for ORR.

It should be noted that the compositional effect on the
catalytic performance as observed in the above voltammetric

and RDE measurements can be rationalized by the oxygen
reduction mechanism. In this, the first electron-transfer process
for the adsorbed oxygen molecules represents the rate-determinl-:

ing stepg32°

Pt(Qyaq) T € — PCyaq) ) ()

For FePt nanoparticles,,@ adsorbed onto the Pt surface sites
in a linear or bridge-bonded configuration, where electrons are
donated from the filled @orbitals to the empty orbitals of Pt
surface atoms by overlap. At the same time, Pt back-donates
electrons from the filled d orbitals to the empty éntibonding

The corresponding Kouteckytevich plots §7* vs w99 at different
electrode potentials. Lines are the linear regressions.

orbitals (r*). That is, & is adsorbed onto the Pt surface by
strongo- ands-bonding interactions. Previous studie¥have
showed that Pt alloys by the addition of a second metal (e.g.,
Fe, Co, Ni, etc.) exhibit an increase of the surface d-vacancy,
which facilitates electron donation from,@o surface Pt and
hence strong interactions between Pt and The resulting
enhancement of oxygen adsorption and weakening of th©@ O
bond lead to fast scission of the bond and consequently enhanced
ORR activities. However, with increasing Fe content in the FePt
nanoparticles, excessive d-vacancy might actually diminish the
back-donation of electrons from Pt to oxygen and thus reduce
the activity for ORR23 As a result, too much or too little Fe in
the alloy particles will weaken the ORR catalytic activity, i.e.,
the ORR current is anticipated to exhibit peak-shape dependence
on the particle composition as observed above (e.g., Figure 3).
Moreover, in comparison with previous ORR studies using
ePt bulk alloys, the nanoparticles in the present studies exhibit
much larger current density. For example, at the rotation rate
of 1600 rpm, the limiting current density was abet®.0 mA/
cn? with bulk alloys2® whereas it was ca—5.4 mA/cn? for
the FaPts particles (Figure 5A).

Further insights into the ORR dynamics were then obtained
from the analyses of the Koutecky evich plots (~1vs w12,
Figures 4B and 5B depict some representative plots at various
electrode potentials for the Pt/GC andyfR59/GC electrodes,
respectively (again, additional data for other electrodes were
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Figure 6. Representative RDE voltammograms of the six electrodes in oxygen-saturated 0.1 M &tQEdus solution. Rotation rate was 1600
rpm, and DC ramp was 20 mV/s. Other experimental conditions were the same as those in Figure 2.
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Figure 7. Tafel plots of the kinetic-limiting current density) for the six electrodes. Symbols are experimental data obtained from the linear
regressions of the Koutecky evich plots as exemplified in Figures 4B and 5B. Lines are the corresponding linear regressions. Horizontal dotted
line denotes the transition potential separating the two linear regions of different slopes.

included in the Supporting Information, Figures S3S6). It and diffusion limiting current density, respectively, is the
can be seen that the slopes of the linear regressions remairelectrode rotation raten is the overall number of electron
approximately constant over the potential ranget@f.02 to transferF is the Faraday constar@y is the bulk concentration
+0.32 V, indicating consistent numbers of electron transfer for of O, dissolved in the electrolyt®o is the diffusion coefficient
ORR at different electrode potentials. The linearity and paral- for O,, andv is the kinematic viscosity of the electrolyte. So
lelism of the plots are usually taken as a strong indication of a the plots ofJ-! vs w12 are anticipated to yield straight lines
first-order reaction with respect to dissolved, Qvhere the with the intercept corresponding fix (eq 4c) and the slopes

observed current can be expressed as reflecting the so-calle® factors (eq 4b). From the latter, the
numbers of electron transfer for ORR can then be estimated,
i_1.,1_ 1, 1 (4a) by using the literature data f@o = 1.26 x 102 M,% Do =
J k b Kk Bo'? 1.93 x 1075 cn¥/s, andv = 1.009 102 cn?/s 566 Table 2
summarizes the results for the six electrodes where the number
B = 0.6IFC,D,* (4b) of electron transfer was all close to 4, suggesting that oxygen
reduction on the F@t00-x Nanoparticle surface proceed by the
J = nFKGC, (4c) efficient four-electron reaction pathway (eq 1).

From they-axis intercepts of the linear regressions of the
where J is the measured current denslktyandJp are the kinetic Koutecky—Levich plots (Figures 4B and 5B), the kinetic-
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limiting current density Jk) can be quantitatively evaluated. Levich plots. This information is available free of charge on
Figure 7 shows the corresponding Tafel plots for the six the Internet at http://pubs.acs.org.

electrodes, where the overall shape is clearly similar despite

the different elemental composition of the nanoparticle catalysts. References and Notes
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