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The catalytic activities of K@t 00-« alloy nanoparticles at different compositions= 10, 15, 42, 54, 58, and 63)
in the electro-oxidation of formic acid have been investigated by using cyclic voltammetry (CV), chronoamperometry,
and electrochemical impedance spectroscopy (EIS). It was observed that the electrocatalytic performance was strongly
dependent on the FePt particle composition. In chronoamperometric measurements, the alloy paxtisiesOat
showed the highest steady-state current density among the catalysts under study and maintained the best long-term
stability. In addition, on the basis of the anodic peak current density, onset potentials, and the ratios of the anodic
peak current density to the cathodic peak current density in CV studies, the catalytic activity for HCOOH oxidation
was found to decrease in the order of R > Fes4Plus ~ FesgPl, > FesPlgs > FeoPly > FessPhiz. That is, within
the present experimental context, the alloy nanoparticlgsaf0 appeared to exhibit the maximum electrocatalytic
activity and stability with optimal tolerance to CO poisoning. Consistent responses were also observed in electrochemical
impedance spectroscopic measurements. For the alloy nanoparticles that showed excellent tolerance to CO poisoning,
the impedance in the Nyquist plots was found to change sign from positive to negative with increasing electrode
potential, suggesting that the electron-transfer kinetics evolved from resistive to pseudoinductive and then to inductive
characters. However, for the nanoparticles that were heavily poisoned by adsorbed CO species during formic acid
oxidation, the impedance was found to be confined to the first quadrant at all electrode potentials. The present work
highlights the influence of the molecular composition of Pt-based alloy electrocatalysts on the performance of formic
acid electro-oxidation, an important aspect in the design of bimetal electrocatalysts in fuel cell applications.

Introduction In previous studies of metal nanoparticle catalysts, it has been
. . _ found that the electrocatalytic activity depends strongly on the
Fuel cells have been hailed as an important power source inpaicle dimensions and surface morphology because of the
the future because of the high energy conversion efficiency and,ariation of the density of active sites such as atomic steps,
low environmental pollutiod. Up to now, one of the major edges, and kink&-16 For example, a recent report demonstrates
problems in small molecule (e.g., methanol or formic acid) fuel that platinum nanoparticles with high-index facets exhibit
cellsis the poisoning of the electrocatalysts by CO formed during ynusually high catalytic activities in the electro-oxidation of small
the incomplete oxidation of the organic fuels. To improve the organic fuelst In another study? the effects of the size of
performance in fuel oxidation, the combination of Pt and other palladium nanoparticles on the electrocatalytic oxidation of formic
transition metals has been examined extensively as effectiveacid were examined, and it was found that the smallest Pd
catalysts for methanol and formic acid electro-oxidation, as Pt- nanoparticles (9 and 11 nm) exhibited the best catalytic activity
based alloy catalysts typically display enhanced catalytic activity within the size range of 940 nm. For Pt-based binary alloy
toward methanol and formic acid oxidation that has been attributed catalysts, Pt and the second metal play different roles in the
to the so-called bifunctional and/or electronic (ligand) effect oxidation catalysis. According to the so-called bifunctional
mechanisn?. 12 mechanism, the role of the second metal is to dissociate water
to form adsorbed OH species, which then react with CO adsorbed
*To whom correspondence should be addressed. E-mail: schen@ ON the Pt surface to generate £00'° This suggests that for
chemistry.ucsc.edu. alloy nanoparticle catalysts, in addition to particle dimensions,
T University of California. the composition of the bimetallic particles also acts as a very
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composition effects have been observed for CO and methanolOXFORD instruments) that was attached onto a scanning electron
electro-oxidation with PtRu alloy catalystd%25 It was found microscope (SEM, Zeiss (LEO) 1530VP FESEM). bVis spec-
that for direct methanol fuel cells (DMFC), the optimum catalyst troscopic studies were performed with an ATl Unicam UV4
corresponded to a composition consisting of 1:1 atomic ratio of SPectrometer usgna 1 cmquartz cuvette with a resolution of 2 nm..
Ru/Pt202LYet, so far, the studies of the influence of the catalyst The particles were dissolved in dlchlor_omethane at a concentration
composition on the electrocatalytic activity have been mostly Of ¢&- 0.1 mg/mL. Only featureless Mie characters were observed
confined to bulk alloy electrodes. Systematic studies of alloy :nfthe absorption spectra of these alloy nanoparticles (Supporting
. - e - Information).

nanoparticles, however, are still scarce due to the difficulty in Preparati)on of the FePt/Au Electrode The procedure has been
the SyntheSISf of alloy nan(2:)7partlcleS of contrqlled compositions. described previousl§£Briefly, a polycrystalline gold disk electrode

In our previous studie®?’Fe,oPtso nanoparticles were found

. , Lot : ’ (sealed in a glass tubing) was first polished with alumina slurries
to exhibit very good electrocatalytic activities for formic acid (9 05,m) and then cleansed by sonication in 0.1 M HB,SO,,

electro-oxidation. In this paper, a series of (almost) monodispersedand Nanopure water for 10 min successively. A volume of.4f
FePtigo-x alloy nanoparticles with different atomic ratios of Fe  Fg Py« nanoparticles dissolved in GBI (1.2 mg/mL) was then

to Pt were prepared by a chemical reduction method. The dropcastonto the clean Au electrode surface by a Hamilton microliter
FelPtioo-x nanoparticles (average diameter2.5 nm) were syringe. The particle film was dried by a gentle nitrogen flow for
deposited onto a gold electrode surface (denoted #ibe ./ ca. 2 min. The organic protecting ligands were then removed by
Au), and the electrochemical performance in formic acid oxidation ©xidation inan ultraviolet ozone (UVO) chamber (Jelight Company,
was then examined by voltammetric and electrochemical ¢ model 42) for about 15 min. The particle film was then rinsed
impedance measurements. The electrocatalytic activities wereWith excessive ethanol and Nanopure water to remove loosely bound
compared on the basis of (steady-state) current density andpart'd‘eS and remaining organic deposits.

; o At Electrochemistry. Voltammetric measurements were carried out
tolerance to CO adsorption of formic acid oxidation. Itwas found . ; i
that within the present experimental context, theFeo with a CHI 440 electrochemical workstation. The,Fgyo-/Au

articles ak ~ 50 exhibited the optimal composition for formic electrode was used as the working electrode. A Ag/AC wire and
zcid clectro-oxidation p P a Pt coil were used as the reference and counter electrodes,

respectively. All electrode potentials in the present study will be
. . referred to this Ag/AgCl quasi-reference. Electrochemical impedance
Experimental Section spectroscopy (EIS) measurements were carried out using an EG&G
Chemicals Perchloric acid (HCIQ Fisher, 99.999%) and formic  PARC potentiostat/galvanostat (model 283) and frequency response
acid (HCOOH, ACROS, 99%) were used as received. All solvents detector (model 1025). The impedance spectra were recorded between
were obtained from typical commercial sources at their highest purity 100 kHz and 10 mHz with the amplitude (rms value) of the ac signal
and used as received as well. Water was supplied by a Barnstead.O0 mV. In these voltammetric and impedance measurements, the

Nanopure water system (18.3PAcm).

Nanoparticle Preparation. The synthesis and characterization
of the FePt00-x alloy nanoparticles stabilized by oleylamine and
oleic acid have been described previol8&PIn a typical experiment,
20 mL of dioctylether or benzyl ether was mixed with 0.5 mmol of
Pt(acac) and 1.5 mmol of 1,2-hexadecanediol. Under a genfle N
flow, the mixture was heated to 10C. At this temperature, 0.5
mmol of oleic acid, 0.5 mmol of oleylamine, and 1.0 mmol of Fe-
(CO) (the composition was varied by the amount of Fe(&®pm
0.5 to 2.5 mmol) were added under a blanket, and the mixture
was heated to reflux (29C) for 30 min before it was cooled down

solutions were deaerated by bubbling ultrahigh-purityad 20 min
and protected with a nitrogen atmosphere during the entire
experimental procedure.

Results and Discussion

Characterization of FelPtigo-x Nanoparticles. Figure 1
depicts the representative TEM micrographs of thePkgy-«
nanoparticles along with the particle core size histograms as the
corresponding insets. It can be seen that the vast majority of the

Iparticles exhibit a core diameter close to 2.5 nm with no apparent

and separated by centrifugation. The supernatant was discarded, an ggregatlon,.a.md the core size d'St”bu“Or.]S are all very narrow.
the precipitate was dispersed in hexane. Then, an excess of ethanol '€ composition of the kBtoo-« nanoparticles was tuned by
was added to precipitate out the particles, and the suspension wa$imply varying the stoichiometic ratio of the Fe and Pt precursors
centrifuged again. By repeating the dispersipmecipitation cycle, ~ in the synthesis, where the valuejfvas found to vary from
excess free ligands were removed affording purified particle samples.10 to 63, as estimated from EDX analysis (spectra included in
The size of the FePt nanoparticles was then characterized bythe Supporting Information as Figure S2). Table 1 summarizes
transmission electron microscopy (TEM, Philips EM420, 120 kV), the average size, size distribution, and the corresponding
and energy-dispersive X-ray analysis (EDX) was carried out to composition of the six FePt particle samples shown in Figure 1.
evaluate the particle compositions by using an INCA accessory (from gacause of the uniformity of the particle size and shape, we

to room temperature. The product was precipitated by adding ethano
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anticipate that the electrocatalytic activity of these six samples
of nanoparticles for formic acid oxidation can then be directly
correlated to the particle composition.

Cyclic Voltammetry of FexPtigo-x Nanoparticles. As dis-
cussed in our previous repdftin order to render the FePt alloy
particles electrochemically active, all the FePt particles modified
Au electrodes were treated in UVO for 15 min to remove the
organic protecting ligands. Figure 2 shows the steady-state cyclic
voltammograms (CV) of the resulting fRt0o-x (x=10, 15, 42,

54, 58, and 63) nanoparticles deposited onto a Au electrode in
0.1 M HCIQ, at a potential sweep rate of 0.1 V/s. It should be
noted that Pt-based metal alloys usually exhibit the formation
of a platinum skin after electrochemical cycling in acidic
electrolytes, which is caused by the Pt dissolution from the alloy
and then redeposition and rearrangement on the suifate.
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Figure 1. Representative TEM micrographs of the series of FePt nanopatrticles used in this study;PAh,HB) FesPigs, (C) FePts,
(D) FessPls, (E) FegPly, and (F) FesPks. The scale bars are all 20 nm. The inset shows the corresponding particle core size histogram.

From Figure 2, it can be seen that the voltammetric features of hydrogen adsorptiondesorption at low electrode potentials can
all the FePtoo-«/Au electrodes are similar to those at a be clearly observed. For instance, for thelP&g/Au electrode,
polycrystalline Pt electrode, suggesting the formation of a Pt one can see two pairs of well-defined current peaksa#3 and
skin on the alloy nanoparticle surface after electrochemical —0.31 V for hydrogen adsorptierdesorption. Pt oxides are
activation in 0.1 M HCIQ. First, the characteristic features for formed in the anodic scan at potentials abev@3 V. In the
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Table 1. Average Core Size, Size Distribution, and Composition of the kBtig0-x Nanoparticles

particle A B C D E F
core size (nnf) 2.44+0.70 2.47+ 0.56 2.35+0.18 2.52+0.81 2.48+ 0.38 2.42+0.61
core compositioh FeioPloo FeisPlgs Fes Pt FessPls FessPlo FessPts7

a Particle core sizes were derived from TEM images as exemplified in FigtrBdrticle core compositions were evaluated by energy-dispersive
X-ray analysis (EDX spectra are included in the Supporting Information, Figure S2).
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Figure 2. Cyclic voltammograms of the Retioo-x/Au electrodes in 0.1 M HCIQ The potential scan rates were 0.1 V/s.

reverse scan, a voltammetric peak for the reduction of Pt oxidesthe six FePt00-x/Au electrodes prepared above. Note that the
can be observed ataboti0.17 V. Similar responses can be seen voltammetric currents have been normalized to the actual active
with all other alloy particles, except for a broad and featureless surface areas of the respective electrodes which are calculated
hydrogen adsorptiondesorption region. Second, by comparing on the basis of the charge associated with hydrogen desorption
the CV profiles of the Fdtioo-x Nanoparticles, it can be seen (anodic current between0.5 and-0.2 Vin Figure 2), assuming
that the peak currents for the reduction of Pt oxides and for that hydrogen desorption yields 21C/cn¥ of the Pt surface
hydrogen adsorptiondesorption become more prominent for area3*3%It can be seen that the overall voltammetric behaviors
the alloy nanoparticles with a higher Pt content, indicating a are strongly dependent on the nanoparticle composition.
larger/thicker Pt skin layer on the particle surface. These electrodes For the FegoPly, nanoparticles, there are two voltammetric
were then employed in the subsequent studies of electro-oxidationpeaks at-0.083 and+0.378 V in the anodic scan, similar to the
of formic acid. voltammetric features of HCOOH oxidation at gl hano-
Electro-Oxidation of Formic Acid. Figure 3 depicts the  particle modified electrode’:?” The first oxidation peakHp;
steady-state cyclic voltammograms of formic acid oxidation at = -+0.083 V) is attributed to the direct oxidation of formic acid
into CO, on the particle surface that is free of adsorbed poisonous

L géggﬂgda%{; é%g%asm, H.; Uchida, H.; Watanabe, MElectrochem. Soc.  jntermediates (e.g., CO), i.e., the direct path, whereas the second
(30) Watanabe, M.; Tsurumi, K.; Mizukami, T.; Nakamura, T.; Stonehart, P. peak at amore positive pOt?n“ﬁP(Z =+0.378V)is a§cr|bed

J. I%Ie(;trocherﬁ. S0d.994 141, 26?19—2668. " - to the oxidation of CO species adsorbed on the particle surface
31) lgarashi, H.; Fujino, T.; Zhu, Y. M.; Uchida, H.; Watanabe, Rhys. : ; : ) : :

Chem’ Chem. Phy&001 3, 306-314. that arise from the nonfaradaic dissociation of formic acid (the
(32) Wan, L. J.; Moriyama, T.; Ito, M.; Uchida, H.; Watanabe, ®hem.

Commun2002 58—-59. (34) Ye, H. C.; Crooks, R. MJ. Am. Chem. So@007, 129, 3627-3633.
(33) Xu, Y.; Ruban, A. V.; Mavrikakis, MJ. Am. Chem. SoQ004 126, (35) Stamenkovic, V. R.; Mun, B. S.; Arenz, M.; Mayrhofer, K. J. J.; Lucas,

4717-4725. C. A.; Wang, G. F.; Ross, P. N.; Markovic, N. Mat. Mater.2007, 6, 241—247.
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Figure 3. Cyclic voltammograms of the Fetgo-x/Au electrodes in 0.1 M HCOOH- 0.1 M HCIO,. The potential scan rates were 0.1 V/s.

1.0 ——

so-called indirect path). Additional current contributions may

come from the direct oxidation of formic acid at the recovered

particle surface upon CO oxidation. In the cathodic scan, an |

oxidation peak at-0.14 V is observed which is assigned to the

direct oxidation of formic acid with the entire catalyst surface

free of CO poisoning. 6
Thus, one can see that the ratio of the current density of the:_?:

firstanodic peakJy) to the cathodic peaklf) essentially reflects =

the fraction of the catalyst surface that is not poisoned by CO

adsorption and can be used to measure the catalyst tolerance t

CO poisoning. For the kgPtyo nanoparticles, théy/J. ratio is

0.29, suggesting that initially about 70% of the catalyst surface

was poisoned by CO adsorption. Similar voltammetric behaviors

4 A

can also be observed with Bty FesPls, andFesPis 0.0 - . : . . .
nanoparticles. The correspondidgJ. ratios are found to be P - Qo o Qi Qb
0.42, 0.47, and 0.52, respectively, indicative of reduced CO <« R R
poisoning as compared to the;fety, particles. Composition

In contrast, the FePtsgand FesPk7particles exhibitdrastically  Figure 4. Ratio of the anodic and cathodic peak currents for the
different voltammetric responses (Figure 3). For the low-platinum direct oxidation of formic acid at varied nanoparticle composition.
Fes3Pts7 particles, only one anodic peak is observed-at40 V, The results were obtained from data presented in Figure 3.
whereas the oxidation peak in the cathodic scan appeafs@t7
V, implying extensive poisoning of the catalyst surface by CO to 0.99. This implies that the voltammetric currents mostly arise
adsorption and, hence, a very layJ; ratio (0.17). from the direct oxidation of formic acid into GO

For the Fg,Ptsg nanoparticles, an opposite behavior can be  Figure 4 summarizes thig/J. ratios of the six FgPtigp—x alloy
seen (Figure 3). Here the voltammetric responses of HCOOH patrticles under study which clearly exhibit a peak-shaped variation
oxidation also show only one oxidation current peak in the anodic with particle compositions. Itis apparent that thedPésparticles
and cathodic scan. However, in comparison to those of the Fe  represent the optimum composition among the group of alloy
Pty particles, the peak potentials shift cathodically+t6.045 catalysts. For alloy particles with too high or low a platinum
and +0.088 V in the anodic and cathodic scan, respectively, content (e.g., F@Ptyo, and FesPty), extensive CO poisoning
suggesting much enhanced electrocatalytic activities. More occurs leading to minimum catalytic activities.
importantly, the absence of a second anodic peak at a more Similar assessments of the electrocatalytic activities can be
positive potential indicates little CO generation/adsorption during made by the comparison of the anodic current density as well
formic acid electro-oxidation. Such excellent tolerance to CO as the onset potential. For instance, from Figure 3 the current
adsorption s further confirmed by the observation that the current densities of the (first) anodic peak of the sixsP&o-x alloy
density of the oxidation peak in the anodic scan is almost equal nanoparticles{= 10, 15, 42, 54, 58, and 63) can be estimated
to thatin the cathodic scan, with a correspondigidy, ratio close to be 1.94, 1.32, 104.02, 61.18, 42.22, and 0.21 mA/cm
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sg ] For chronoamperometric curvesi&t= +0.20 V (Figure 5C),
c whereas the FgPtg/Au electrode exhibits a higher initial
40 - oxidation current density than that on thefRisg/Au electrode,
the current density decays rapidly. In contrast, thefFg/Au
| electrode maintains a rather steady current profile, ahel 460
s, the current density becomes the largest among the series. These
chronoamperometric data indicate thauJP&s has the best
activity and stability for formic acid oxidation among the series
of FePtigo—x particles used in the present study, in good agreement
with the CV results.
01 On the basis of the above CV and chronoamperometric
r . . . ; ; ; evaluations, it can be seen that the catalytic activity decreases
0 50 100 150 200 250 300 350 400 in the sequence of kgPtsg > FesaPls ~ FesgPly, > FeysPlgs >

t(s) FeloPlyo > FessPz. That is, the FPtoo-x particles atx ~ 50
. . . show the highest electrocatalytic activity in HCOOH oxidation
Figure 5. Chronoamperometric curves in 0.1 M HCOGHD.1 M : : .
H8|o4 for different FgPth/Au electrodes (shown in the figure ~ 2MONY the series. For Pt-based bimetallic alloy electrocatalysts,

legends) where the potential was stepped f@re —0.4 V to E; the optimum composition should maximize the adsorption of
= —0.02 (A), +0.05 (B), and+0.20 V (C). HCOOH on the Pt active sites and, concurrently, there should

be enough surface sites of the second metals which promote the
respectively. Of these, the BBt particles exhibit the highest  effective oxidative removal of poisonous intermediates (e.g.,
current density. In addition, the onset potentials for formic acid CO) with adsorbed hydroxyl speci&&3637For the FgPtioo-x
oxidation can be found at0.33,—-0.37,—0.40,—0.34,—0.39, alloy particles in the present study, the optimum composition
and—0.25 V, respectively. Again, kgPtks stands out with the  appears to correspond to a Fe/Pt atomic ratio of ca. 1:1, which
most negative onset potential for formic acid oxidation among is very similar to the PtRu catalysts used in previous investiga-

the series. tions20:21

To further evaluate the activity and stability of the#&oo-x Electrochemical Impedance StudiesElectrochemical im-
catalysts for formic acid oxidation, chronoamperometric analyses pedance spectroscopy has been used as a powerful and sensitive
were also carried out by stepping the potential fiér+ —0.40  technique to study the kinetics of electron-transfer processes.

V to E; = —0.20,+0.05, anct-0.20 Vin 0.1 M HCOOHH 0.1 Here we carry out electrochemical impedance studies to examine
M HCIO,, which corresponds, respectively, to the onset, peak, the electro-oxidation dynamics of formic acid catalyzed by
and end of the formic acid direct oxidation at the catalytic sites Fgpt,q, , alloy nanoparticles. Overall the EIS responses are
that are not poisoned by CO intermediates, as shown in Figureyery consistent with the respective voltammetric results as shown
5A—C. From the chronoamperometric curvesat —0.20 V in Figures 3-5.

(Figure 5A), one can see that the maximum initial and steady-  Figyre 6 depicts the complex-plane (Nyquist) impedance plots
state oxidation current density was obtained with thegy/ of the FagPby/Au electrode in 0.1 M HCOOH- 0.1 M HCIO,

Au electrode followed by FgPu/Au and FesPugAu, and the  ith electrode potentials varied from0.50 to+0.80 V (shown
oxidation current density at the fP%s, FeioPlo and FesPkr s figure legends). It can be seen that, at potentials be@@0

electrodes is much smaller. Bt = +0.05 V (Figure 5B), which -/ the impedance arcs are located within the first quadrant and
corresponds to the voltammetric peak in the CV studies of formic e giameter of the arcs increases slightly fre.50 to—0.20

acid oxidation (Figure 3), again the ;Rtg/Au electrode shows
the highest oxidation current density, and the electrodes exhibit  36) watanabe, M. Motoo, Si. Electroanal. Chem1975 60, 275-283.
the same activity and stability sequence as th& at —0.2 V. (37) Kua, J.; Goddard, W. Al. Am. Chem. S0d.999 121, 10928-10941.
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V and then decreases somewhat when the potential shifts 6

positively from—0.20 to 0 V. The former may be ascribed to o

0.8

-0.2

the formation and adsorption of CO intermediate species on the 5 1 o8 : 040V
electrode surface, and the latter may be related to the onset of 0'4 v 030V
electro-oxidation of formic acid. With further increase of the 41 s M :EEEE
electrode potentials+0.10 to+0.30 V), the impedance arcs oo = 4000V
remain in the first quadrant, but the slope of the linear portions 31 + +0.10V
*
'

exhibit arather rapid increase suggesting an increasingly dominant
diffusion-controlled component because of the potential-enhanced 21
electron-transfer kinetics. This agrees well with the voltammetric

studies in Figure 3, as this potential region corresponds to the 11
direct oxidation of formic acid at the catalytic sites that are not
poisoned by CO adsorption. Additionally, the impedance arc - 9] :
starts to bend from the positive to negative direction oktagis T T T ' ' '

at +0.30 V. When the electrode potential reache8.35 to a 0 1 2 3 4 5 6
~ +0.40 V, the impedances actually appear in the secondny 06 T
guadrant. The negative faradaic impedance suggests the presenc CER I

) X L i i - 7 ® 030V
of an inductive component. This is attributed to the formation 001{rge e 035V
of chemisorbed hydroxyl species in this potential range, which 4102 :m‘_ v +040V
enhances the oxidative removal of the adsorbed CO intermediate 08 e, = v *045V
consistent with the voltammetric response (Figure 3) where a 2 4 06 03 00 034,06, m : :g:gg\\i
second anodic peak is observed. At more positive electrode v u e 060V
potentials £+0.40 V), the impedance arcs return to the first 0 - - v @ ¢ 070V
guadrant and the diameter of the arcs decreases with increasing TR 4 08OV
potential, indicative of diminishing charge-transfer resistance. 2 u - . .
Overall, the impedance results are in very good agreement with
voltammetric data presented above (Figure 3). Similar behaviors 4
have been observed with the;Feigs andFeggPt, alloy particles
(Supporting Information), as well as with the &Rty nano- " : : . : :
particleg627 that was reported previously. 5 4 2 0 2 4 5

Figure 7 shows the impedance spectra of theffg/Au 7 (MQ)

electrode in 0.1 MHCOOH- 0.1 M HCIQ, at different electrode ] o
potentials. First, similarly, the impedance arcs are found mostly Figure 7. Complex-plane (Nyquist) impedance plots of thazFe

. ) . o Ptg/Au electrode in 0.1 M HCOOH+ 0.1 M HCIO, at various
inthe firstquadrant (top panel), and the arc diameter first INCIEASES|ectrode potentials. The lines are representative simulations based

(from —0.50 t0—0.30 V) and then decreases (fron0.30 to on the equivalent circuits in Figure 9 for the impedance data at the
0.10 V) with increasing electrode potential. The minimal arc electrode potentials 0f-0.40 and+0.60 V. The insets are the
diameter observed at0.1 V appears to coincide with the magnification of the impedance spectra in a smaller range.

voltammetric peak ob;erved in Flgure 3. W|th further increase adsorbed CO by the dehydrogenation reaction of HCOOH now
of the electrode potential, the arc diameter increases correspond;

. . . becomes the rate-determining step. This gives rise to the inductive
ingly, and interestingly, the low-frequency ends of the arcs start a8
to extend into the fourth quadrant(.15 to+0.20 V), indicating reSponse. .

) _' ’ In contrast, for the FaPu¢/Au electrode, all the impedance
the presence of a small pseudoinductive component as a

S spectra are located in the first quadrant within the entire potential
consequence of the oxidative removal of CO adsorbed on therange 0f—0.50 to+0.80 V, as shown in Figure 8. This indicates

particle surface. However, when the electrode potentials becomey, o+ there exist only resistive behaviors for HCOOH electro-
more positive thent-0.30 V (bottom panel), a (jrastic vgriation oxidation at the FaPug/Au electrode. The lack of (pseudo)-
of the impedance spectra can be observed. First, the impedancé,qyctive characters of the impedance spectra seems to imply a
spectra even show up in the second and third quadrants withinre|atively strong adsorption (and retarded oxidation kinetics) of
the potential range 0f0.30 t0+0.50 V and then return to the  cO on the particles surface, as voltammetric measurements
firstand fourth quadrants at higher potentiatst{0.55 V). Such  (Figure 3) exhibit only a very weak current peak for the oxidation
interesting impedance patterns have also been reported in thexfadsorbed CO intermediates. In general, the impedance is rather
studies of methanol electro-oxidation at Pt/C thin film electrddes. comparable to that observed in Figure 6 for the)Pg particles.
They are ascribed to the variation of the rate-determining step Similar features are also observed with the low-platinurgsFe
at different potential positions, namely, the formation of adsorbed Pt;;nanoparticles (Supporting Information), except that the overall
CO by dehydrogenation reaction of HCOOH and the electro- impedance is substantially larger.
oxidation of adsorbed CO through adsorbed OH species. At The corresponding Bode plots of the impedance spectra for
potentials more negative thar0.3 V, the rate-determining step  the series of F@tgo-x alloy particles are included in the
is considered to be the oxidation of adsorbed CO intermediates,Supporting Information. Overall, the characteristic frequency
leading to the appearance of the pseudoinductive behavior. At(fmax at the maximum phase angle is found to increase with
more positive potentials, the electro-oxidation of surface increasing electrode potentials, indicative of potential-enhanced
adsorbates will be drastically accelerated and the formation of electron-transfer kinetics. Additionally, within the potential range
where surface-adsorbed CO is oxidized, an abrupt jump between
(38) Hsing, I. M.; Wang, X.; Leng, Y. ). Electrochem. So@002 149, the positive and negative values of the phase angle can be
AB15-A621. observed. This interesting behavior is attributed to the (pseudo)-
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Figure 8. Complex-plane (Nyquist) impedance plots of theJe 06 04 02 00 02 04 06 08 10

Ptg/Au electrode in 0.1 M HCOOH+ 0.1 M HCIO, at various
electrode potentials. The line is a representative simulation based E (V vs Ag/AgCl)

on the equivalent circuits in Figure 9 for the impedance data at the Figure 10. Charge-transfer resistandef) at different electrode
electrode potential 0f-0.20 V. potentials. Data are obtained by curve fitting of the impedance spectra

(@) (Figures 6-8 and Supporting Information Figures -§35) by the

R ﬁlq;i\é?‘rglllte?i:;lrjlitzin Figure 9. The inset shows the magnification
- — ge:
_-— Conclusion
Rer
(b) Inthis study, CV, chronoamperometry, and EIS were employed
— cpE — to examine the electrocatalytic activities of a series QPgy_x
Rs alloy nanoparticles(= 10, 15, 42, 54, 58, and 63) in the oxidation
— Co — of formic acid in acid electrolytes. Three parameters in the CV
,—| |—| studies were used as the indicators to evaluate the corresponding
— - catalytic performance, including anodic oxidation current density,
Rer R, onset potential, as well as tolerance to CO poisoning. Our
Figure 9. Equivalent circuits for the electro-oxidation of formic ~ Measurements suggest that the catalytic activity depends on the
acid at FePtoo_ /AU electrodes. composition of the alloy nanopatrticles, i.e., the catalytic activity

. ) o o decreases in the sequence ofP&s > FesPlis ~ FesgPln >
inductive characteristics upon the oxidative removal of CO that Fe Ptss > FeoPlyy > FessPhy. Consistent evaluation was

givesrise to the negative faradaic impedance as shown in Figuregnserved in chronoamperometric measurements where ihe Fe
6-8. . ) ) Ptgparticles exhibited the maximum current density and stability.
On the basis of the above voltammetric and impedance |, g\g measurements, for particles with excellent CO tolerance,

measurements, two equivalent circuits are proposed in Figure 9’negatlve impedance was observed at potentials where CO was
parts a and b, which are used to fit the impedance spectra S S

- L .~ “removed by electro-oxidation, indicating the presence of an
corresponding to normal and negative impedance behaviors,.

respectively. HerdRs represents the solution resistance, CPE md_uctive component, Howeyer, for the nan_oparticles heavily

(constant-phase element) is the electrode double layer capacitancepo'son?d by CO, only normalimpedance proﬁleg were observed.

Reris the charge-transfer resistance, @a@ndR, represent the h_es_e impedance measprements agree well with the C_V results.

capacitance and resistance of the electro-oxidation of adsorbedVithin the present experimental context, theffigo particles

CO intermediates, respectively. Some representative fittings areatx ~ 50 (i.e., the atomic ratio of Fe/Pt close to 1) represent the

shown as solid lines in Figures—®, which show very good  optimum alloy composition that exhibits the maximum anodic

agreement with the corresponding experimental data. current density, most negative onset potential, and strongest
Figure 10 depicts the variation of the charge-transfer resistancetolerance to CO poisoning.

(Rct) with the electrode potential for the series of\Fgpo-x

alloy n_anoparticles. First, negati_'v'QT can be found within_ the Acknowledgment. This work was supported in part by the

potential range w_here (pseudo)inductive character; arise fromyational Science Foundation (CHE-0456130, CHE-0718170,
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appears to reach a minimum (a few hundred ohms) as compare%ﬁlggfms&i?;Chemlcal Society (39729-ACSM), and the UC
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ohms), again, confirming that this represents the optimum particle ) ) .

composition for formic acid electro-oxidation. Third, fordze _Supporting Information Available: UV —vis spectra, energy-

Pt;; particles, the charge-transfer resistarRer) is at least an dispersive X-ray qnaly3|s spectra (EDX), _add|t|on_al l_\lyqu|s_t plots, and
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in the voltammetric and impedance measurements. LA7016648
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Figure S1. UV-visible spectra of Fe,Pt;o.. nanoparticles (shown as figure legends). All the
particle concentrations are 0.1 mg/mL in CH,Cl,.
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Figure S2. Energy-dispersive x-ray spectra of Fe.Pt;o.. nanoparticles: (A) FejoPtoo; (B)
FesPtss; (C) FeqyPtsg; (D) FesaPtas; (E) FesgPtay; and (F) FeesPts7.
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Figure S3. Complex-plane electrochemical impedance plots (Nyquist plots) of
FeisPtgs/Au electrode in 0.1 M HCOOH + 0.1 M HCIO4 at various electrode
potentials. Line is a representative simulation based on the equivalent circuits in
Figure 9 for the impedance data at the electrode potential of +0.10 V.
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Figure S4. Complex-plane electrochemical impedance plots (Nyquist plots) of FesgPtsy/Au
electrode in 0.1 M HCOOH + 0.1 M HCIOy at various electrode potentials. Lines are
representative simulations based on the equivalent circuits in Figure 9 for the impedance
data at the electrode potentials of +0.10 and +0.2 V.
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Figure S5. Complex-plane electrochemical impedance plots (Nyquist plots) of Fess
Pt37/Au electrode in 0.1 M HCOOH + 0.1 M HCIOy at various electrode potentials. Line
is a representative simulation based on the equivalent circuits in Figure 9 for the
impedance data at the electrode potentials of —0.30 V.
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Figure S6. Bode plots of the electrochemical impedance of Fe;oPtoo/Au electrode

in 0.1 M HCOOH + 0.1 M HCIOjy at various electrode potentials.




¢(degree)

100

80
60 -
40 —— -05V
—0O— 04V
20 ~ v— -0.3V
0.2V
0 - ——-01V
—{1— +0.0V
-20 ~ ¢ +01V
+0.2V
-40 - —A— +03V
—4— +04V
-60 - —e— +05V
—0— +06V
-80 - —— +0.7V
—O— +0.8V
-100 T T T T T T T |
1e-2 1e-1 1e+0 1e+1 1e+2 1e+3 1e+4 1e+5 1e+6

f(Hz)

Figure S7. Bode plots of the electrochemical impedance of Fe;sPtgs/Au electrode in

0.1 M HCOOH + 0.1 M HCIOjy at various electrode potentials.
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Figure S8. Bode plots of the electrochemical impedance of Fe4,Ptss/Au electrode in

0.1 M HCOOH + 0.1 M HCIOy at various electrode potentials.
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Figure S9. Bode plots of the electrochemical impedance of FessPtys/Au electrode in

0.1 M HCOOH + 0.1 M HCIOy at various electrode potentials.
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Figure S10. Bode plots of the electrochemical impedance of FessPtsr/Au electrode in
0.1 M HCOOH + 0.1 M HCIOy at various electrode potentials.
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Figure S11. Bode plots of the electrochemical impedance of Feg;Pt37/Au electrode in
0.1 M HCOOH + 0.1 M HCIOy at various electrode potentials.
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