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The electrocatalytic oxidation of formic acid at a gold electrode functionalized with FePt

nanoparticles was studied by cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) in a mixed solution of 0.1 M HCOOH and 0.1 M HClO4. The FePt bimetallic

nanoparticles, with a mean diameter of 3 nm, were prepared by a chemical reduction method.

The Au/FePt nanostructured electrode was prepared firstly by the deposition of FePt

nanoparticles onto a clean Au electrode surface, followed by ultraviolet ozone treatment to

remove the organic coating. In CV measurements, two well-defined anodic peaks were observed at

þ0.20 and þ0.51 V (vs. a Ag/AgCl quasi-reference). The anodic peak at þ0.20 V was attributed

to the oxidation of HCOOH to CO2 on surface unblocked by CO, whereas the peak at þ0.51 V

was ascribed to the oxidation of surface-adsorbed CO (an intermediate product of HCOOH

oxidation) and further oxidation of bulk HCOOH. From the onset potential and current density

of the electro-oxidation of HCOOH, FePt nanoparticles exhibit excellent electrocatalytic activities

as compared to Pt and other metal alloys. EIS measurements were carried out to further examine

the reaction kinetics involved in the HCOOH electro-oxidation. The EIS responses were found to

be strongly dependent on electrode potentials. At potentials more positive than �0.25 V (vs. Ag/

AgCl), pseudo-inductive behavior was typically observed. At potentials between þ0.3 and þ0.5 V,

the impedance response was found to reverse from the first quadrant to the second quadrant;

such negative Faradaic impedance was indicative of the presence of an inductive component due

to the oxidation of surface-adsorbed CO. The impedance responses returned to normal behavior

at more positive potentials (þ0.6 to þ0.9 V). The mechanistic variation was attributed to the

formation of different intermediates (CO or oxygen containing species) on the electrode surface in

different potential regions. Two equivalent circuits were proposed to model these impedance

behaviors.

Introduction

There has been an increasing interest in the development of

efficient fuel cells due to the need for alternative energy sources

with high energy density, low operating temperature and low

environmental pollution. For fuel cells, aqueous solutions of

formic acid and methanol represent two potential, attractive

energy sources because of the ease of handling, transportation

and storage in comparison to those of gaseous or liquid

hydrogen.1 Previous studies have showed that formic acid

can be oxidized at less positive potentials than methanol and

that crossover of formic acid through the polymer membrane

is lower than that of methanol.2–4 Thus, a great deal of

research effort has been focused on the electrochemical prop-

erties of formic acid, which serves as an important model

system for studying electrochemical oxidation of small organic

molecules.5–13

Fuels based on the oxidation of small organic molecules

require electrocatalysts to achieve the current density needed

for commercial fuel cell applications. For instance, single

crystal and polycrystalline platinum, palladium, rhodium

and gold electrodes have been used extensively as catalysts

for the electro-oxidation of formic acid.14–16 Among these

metal catalysts, platinum shows the highest catalytic activity

for electro-oxidation of methanol and formic acid. In order to

enhance the oxidation efficiency and reduce costs, Pt-based

alloy catalysts with various transition metals such as

Pt–Ru,17–20 Pt–Ni,21,22 Pt–Sn,23,24 Pt–Co,25–26 Pt–Pb,27

Pt–Bi,28,29 Pt–Pd,30,31 Pt–Ti32 and Pt–Cr33 have been prepared

and studied as possible catalysts for the electro-oxidation of

small organic molecules. It is widely accepted that formic acid

is oxidized to CO2 via the so-called dual-pathway mechanism,

which involves a reactive intermediate (direct path) or ad-

sorbed CO as a poisoning intermediate species (indirect path).

In this complicated reaction, carboxylic acid species (HCOO)

is generally proposed as the reactive intermediate and ad-

sorbed CO is assigned as the poisoning species. These results

have been identified by in situ Surface-Enhanced IR Absorp-

tion Spectroscopy (SEIRAS).34–38

It is well-known that when pure platinum is used as the

catalyst, it will be rapidly poisoned by the adsorption of CO

produced during the oxidation of HCOOH. However, many
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investigations have shown that some Pt-based alloy catalysts

exhibit enhanced tolerance of CO and, consequently, im-

proved electrocatalytic activities compared to those with

platinum alone. For instance, two mechanisms have been

proposed to account for the promotional effect of Pt–Ru alloy

catalysts. One is the so-called bifunctional mechanism,39–41 in

which the role of ruthenium is to dissociate water to form

adsorbed OH species, which then reacts with adsorbed CO to

generate CO2. Another explanation is the electronic ligand-

effect mechanism, i.e. the electronic properties of platinum are

modified by Pt–Ru orbital overlaps so that the binding

strength of CO adsorbed on Pt is weakened, leading to the

enhancement of electrocatalytic activities for formic acid

electro-oxidation.17,42

Due to the high proportion of surface to bulk atoms, the

surface area and the reactivity of nanostructured metal mate-

rials are significantly higher than those of the corresponding

bulk metals, rendering them ideal candidates in catalytic

applications. In fact, currently, many studies of the electro-

catalytic oxidation of methanol and formic acid are focused on

Pt and Pt-base alloy nanoparticles.13,32,33,35 For instance,

Watanabe et al.43–45 prepared Fe–Pt alloy thin films using

the magnetron sputtering deposition method and found that

such alloy films exhibited high CO-tolerance toward H2

oxidation or O2 reduction. Such materials will be candidates

for CO-tolerant alloyed catalysts in fuel cells. However, to

the best of our knowledge, there have been no studies on

methanol or formic acid oxidation catalyzed by FePt alloy

nanoparticles.

Here, we use monodispersed FePt nanoparticles as catalysts

for the electro-oxidation of formic acid. These FePt nanopar-

ticles were prepared by a simultaneous decomposition of iron

pentacarbonyl, Fe(CO)5, and reduction of platinum acetyl-

acetonate, Pt(acac)2, in the presence of oleic acid and oleyl-

amine.46 FePt nanoparticles with an average diameter of B3

nm were deposited onto a gold electrode surface (denoted as

Au/FePt electrode) and were found to be efficient in the

electro-catalytic oxidation of formic acid, with a high toler-

ance of CO poisoning. The onset potential and current density

for the HCOOH oxidation, as evidenced by voltammetric and

electrochemical impedance spectroscopic studies, demonstrate

that the FePt nanoparticles may be used as a powerful catalyst

for the electro-oxidation of formic acid fuel.

Experimental

Materials

Perchloric acid (HClO4, Fisher, 99.999%) and methanol

(CH3OH, ACROS, 99.999%) were used as received. Water

was supplied by a Barnstead Nanopure water system (18.3

MO). All solutions were deaerated by bubbling ultra-high-

purity N2 for 20 min and protected with a nitrogen atmo-

sphere during the entire experimental procedure.

The FePt nanoparticles were prepared according to a pre-

vious publication, where the composition of the particles was

controlled at Fe20Pt80 to ensure particle stability in strong acid

media.46 Briefly, under a gentle flow of N2, Pt(acetylaceto-

nate)2 (0.5 mmol), 1,2-hexadecanediol (1.5 mmol) and dioctyl

ether or benzyl ether (20 mL) were mixed at room temperature

and heated to 100 1C. Oleic acid (0.5 mmol), oleylamine (0.5

mmol) and Fe(CO)5 (1.0 mmol) were added and the mixture

was heated to reflux (297 1C) for 30 min. (Note: N2 was kept

flowing through the reaction system to ensure the Pt-rich

Fe20Pt80 nanoparticles were formed. This was different from

the previous synthesis in which the reaction was run under a

blanket of N2.) The heat source was removed and the reaction

mixture was cooled down to room temperature, at which point

the reaction system was opened to the ambient environment.

The black product was precipitated by adding ethanol (40 mL)

and separated by centrifugation. The supernatant was dis-

carded and the black precipitate was dispersed in hexane (25

mL) in the presence of oleic acid (0.05 mL) and oleylamine

(0.05 mL). Then, ethanol (20 mL) was added to the dispersion

and the suspension was centrifuged again. The precipitation

was re-dispersed by hexane. The average particle core diameter

was estimated to be 3 nm based on transmission electron

microscopy measurements (see ESIw). From the X-ray diffrac-

tion (XRD) pattern of the FePt nanoparticles, which is also

included in the ESIw, the alloy structure of the resulting FePt

particles can be clearly identified.

Preparation of the Au/FePt electrode

A polycrystalline gold disk electrode (sealed in glass tubing)

was firstly polished with alumina slurries (0.05 mm) and then

cleansed by sonication in 0.1 M HNO3, H2SO4 and Nanopure

water for 10 min, successively. FePt nanoparticles (10 mL)
dissolved in hexane (0.9 mg mL�1) was then deposited onto

the Au electrode surface by a Hamilton microlitre syringe. The

particle film was dried by a gentle nitrogen flow for ca. 2 min.

The surface coverage of this particle assembly was estimated to

be ca. 9 layers by assuming a fully intercalated nanoparticle

assembly. The organic protecting ligands were then removed

by oxidation in an ultraviolet ozone (UVO) chamber (Jelight

Company, Inc., Model 42) for 15 min. The particle film was

then rinsed with excessive Nanopure water and ethanol to

remove remaining organic deposits.

Electrochemistry

Voltammetric measurements were carried out with a CHI 440

electrochemical workstation. The Au/FePt electrode was used

as the working electrode. An Ag/AgCl wire and 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 spectro-

scopy (EIS) measurements were carried out using an EG&G

PARC Potentiostat/Galvanostat (model 283) and a Frequency

Response Detector (model 1025). The impedance spectra were

recorded between 100 kHz and 10 mHz, with the amplitude

(rms value) of the ac signal being 10 mV.

Results and discussion

1. Electrochemical characterizations of the electrodes

Fig. 1 shows the cyclic voltammograms of the naked Au

electrode and the FePt particles-modified Au electrode before

and after UVO treatment in 0.1 MHClO4, at a potential sweep
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rate of 0.1 V s�1. For the naked Au electrode, the Au

oxidation current at potentials above þ0.8 V can be clearly

seen. In the cathodic potential sweep, there is a voltammetric

peak at þ0.54 V corresponding to the reduction of the Au

oxide. Such voltammetric responses have been observed pre-

viously at polycrystalline Au electrode surfaces.47 However,

upon the deposition of FePt particles onto the Au electrode

surface, the voltammetric features observed above become

substantially suppressed. This may be ascribed to the hydro-

phobic nature of the organic protecting-layers on the particles

that render the Au electrode surface inaccessible by electrolyte

ions. In addition, the essentially featureless response also

suggests that the FePt particles remain electrochemically

inactive within this potential window. However, after the

organic protecting ligands were removed by the UVO treat-

ment, the voltammetric response exhibited a drastic variation

(Fig. 1). Firstly, at low potentials, there is a pair of broad

current peaks between þ0.08 V and �0.3 V which can be

attributed to the adsorption–desorption of hydrogen on the

metallic Pt surface. Secondly, a reduction current peak can be

seen at þ0.21 V in the cathodic potential sweep that may be

assigned to the reduction of platinum oxides formed at more

positive potentials during the anodic potential scan. The

observed CV feature is very similar to that for polycrystalline

Pt electrodes.43,45,47 Igarashi et al. attributed the CV resem-

blance of Pt-based alloys with polycrystalline Pt to the forma-

tion of a Pt skin layer after the electrochemical process.43–45

Such an effect may also explain the voltammetric behaviors

observed above for the FePt nanoparticles. The electrocataly-

tic activity of this functionalized electrode was then examined

for formic acid oxidation.

2. Electrocatalytic activity for formic acid oxidation

It is well-known that the second metal in Pt-based alloy

catalysts can promote the electro-oxidation of small organic

molecules. On the basis of previous results of the reaction

kinetics in methanol or formic acid electro-oxidation at binary

metal electrodes,48–50 a similar effect might be suggested for

FePt nanoparticles from the CV investigation in Fig. 1. The

reaction mechanism for formic acid oxidation on Pt-based

alloy (MPt) nanoparticle surfaces is proposed as below:

For the indirect oxidation path

MPt þ HCOOH - MPt-(HCOOH)ad (1)

MPt-(HCOOH)ad - MPt-(CO)ad þ H2O (2)

MPt þ H2O - MPt-(OH)ad þ H1 þ e� (3)

MPt-(CO)ad þ MPt-(OH)ad - CO2 þ H1 þ e� (4)

For the direct oxidation path

MPt-(OH)ad þ HCOOH - CO2 þ H2O þ H1 þ e� (5)

The first step entails the adsorption of HCOOH onto the

surface of the nanocatalysts. These HCOOH molecules then

undergo rapid dissociation into water and CO, and the latter

binds strongly to the catalyst surface (i.e., the poisoning effect,

step 2). The CO molecules can be further oxidized into CO2

(step 4) by reacting with the hydroxyl species generated by

water electrolysis on the catalyst surface (step 3). It is sus-

pected that the electro-oxidation of HCOOH on the FePt

particle surface also follows this mechanism (vide infra). By

contrast, in the direct oxidation path (step 5), electro-oxida-

tion of HCOOH will be initiated by surface-adsorbed hydroxyl

species (step 3) into CO2 and H2O.

Fig. 2 presents the steady-state cyclic voltammograms of the

Au/FePt electrode in 0.1 M HCOOH and 0.1 M HClO4. It can

be seen that the anodic current is substantially greater than

that in 0.1 M HClO4 alone (dotted line, which is identical to

the solid curve in Fig. 1), suggesting that the voltammetric

features are arising from the electro-oxidation of HCOOH.

This observation is in good agreement with those using Pt and

other Pt-based alloy electrodes.38–51 There are three anodic

peaks at about þ0.2, þ0.51 and þ1.06 V in the anodic scan. In

the cathodic scan, a very large peak at þ0.18 V is observed. It

is known that formic acid is either electro-oxidized directly to

CO2 by dehydrogenation (step 5), or dissociates spontaneously

to produce CO which then becomes oxidized to CO2 (steps

1–4). The poisoning CO species are usually formed within the

Fig. 1 Cyclic voltammograms of the naked Au electrode (--), FePt

particles modified Au electrode before (� � �) and after (TT) UVO

treatment in 0.1 M HClO4. Potential scan rate = 0.1 V s�1. Electrode

surface area = 0.119 mm2.

Fig. 2 Steady-state cyclic voltammograms of the Au/FePt electrode

in 0.1 M HCOOH þ 0.1 M HClO4 (TT) and in 0.1 M HClO4 (� � �).
Potential scan rate 0.1 V s�1.
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hydrogen region as well as in the double-layer region. It can be

seen from Fig. 2 that the hydrogen adsorption–desorption

currents are significantly inhibited at the Au/FePt electrode in

the presence of HCOOH, indicating the surface active sites

have been blocked noticeably by adsorbed CO species. Since

the CO formation from formic acid does not generate Far-

adaic current (step 2), the anodic peaks in Fig. 2 are most

probably arising from the oxidation of formic acid or CO. Of

these, the anodic current peak at þ0.2 V can be attributed to

the oxidation of HCOOH to CO2 on surface active sites that

have not been poisoned by CO (direct path in step 5). The

anodic current peak at þ0.51 V may arise from the oxidation

of the adsorbed CO and formic acid as a consequence of the

release of surface active sites by CO removal (step 4). With

further increase in electrode potentials, platinum oxides begin

to form and the electrode becomes inactive. At higher poten-

tials, some catalytically active surface oxides can be formed,

leading to the anodic current peaks at þ1.06 V. In the

subsequent cathodic scan, only one voltammetric peak can

be seen at þ0.18 V, with a significantly greater peak current

that can be attributed to the direct oxidation of formic acid,

through an active intermediate, into CO2 (the direct path, vide

ante). In this, it should be noted that, in the cathodic scan,

formic acid begins to be oxidized only when the potential

moves to about þ0.36 V. This phenomenon can be attributed

to the effect of metal surface oxides of different valence states

on formic acid oxidation. For instance, previous studies52–54

have demonstrated that at high oxidation states, some Pt

surface oxides (i.e., Pt(OH)3 and PtO2) formed at high poten-

tials may actually be poisoning species. Thus, formic acid can

be oxidized only when these surface oxides are reduced at low

potentials, so that the electrode surface active sites are re-

stored. The enhanced peak current of formic acid oxidation

observed in the reverse cathodic scan, as compared to that in

the anodic scan, can then be ascribed to the fact that at these

potentials, the surface-adsorbed CO species would have been

oxidized to CO2. Consequently, the HCOOH catalytic reac-

tion actually follows the direct path.

Usually, onset potential and current density are the two

important parameters to compare the activities of electro-

catalysts for the electro-oxidation of formic acid or methanol.

For instance, Pt and PtRu nanoparticle electrodes exhibited

onset potentials of þ0.10 and þ0.16 (vs. Ag/AgCl in saturated

NaCl) for the electro-oxidation of formic acid, respectively.28

It can be seen from Fig. 2 that for formic acid oxidation on the

FePt nanoparticle electrode, the onset potential is �0.17 V (vs.

Ag/AgCl quasi-reference), which is about þ0.13 V (vs. Ag/

AgCl in saturated NaCl) by using the Au oxidation peak as the

calibration point. In comparison to the performance of Pt and

PtRu nanoparticles,28 the FePt nanoparticle-functionalized

electrode exhibits comparable onset potential for formic acid

oxidation. These results also agree well with the excellent CO

tolerance of the FePt alloy.43–45 However, from the current

intensity of formic acid oxidation in the positive and negative

scans, it can be seen that the electrode is heavily poisoned by

adsorbed CO under the present experimental conditions.

Actually, we found that the electrocatalytic activity of the

electrode was sensitive to the thickness of the FePt particle

film. For instance, for FePt monolayers (by Langmuir–Blod-

gett deposition), the electrocatalytic activities toward formic

acid oxidation were dramatically enhanced. Under the present

conditions, the CO adsorbed on the inner FePt particle layers

may be difficult to remove by electro-oxidation. Such proper-

ties are currently under investigation and the results will be

reported in due course.

3. Electrochemical impedance studies

Further studies of the electro-oxidation of HCOOH at the Au/

FePt electrode were carried out with electrochemical impe-

dance measurements. Fig. 3 shows the Nyquist complex-plane

impedance spectra of the Au/FePt electrode in 0.1 M HCOOH

and 0.1 M HClO4 at various electrode potentials. In the top

panel, at E = �0.3 V, the impedance spectrum shows a large

arc, with the diameter significantly greater than those at more

positive potentials, which can be attributed to the slow reac-

tion rate of formic acid oxidation. It is most probable that the

presence of resistive and capacitive components in the equiva-

lent circuit arises from the double-layer effects. From the CV

measurements in Fig. 2, it can be seen that at �0.3 V, formic

acid dissociates spontaneously to form CO (step 2), which

adsorbed readily on the Au/FePt electrode surface. Thus, the

slow reaction kinetics of formic acid oxidation as inferred

from the impedance measurements can be ascribed to poison-

ing by intermediate CO, which blocks continuing adsorption

and dehydrogenation of HCOOH on the electrode surface.

With a further increase of the electrode potential up toþ0.1 V,
the impedance spectra exhibit a drastic variation: (i) in addi-

tion to the arc in the first quadrant (at high frequency), a

smaller one starts to emerge in the fourth quadrant (at low

frequency); and (ii) the diameter of both arcs decreases sharply

with increasing electrode potential. Such pseudo-inductive

behavior has also been observed in methanol electro-oxida-

tion.55,56 Initially, the reaction sites on the electrode surface

are occupied by adsorbed CO generated from formic acid

dehydrogenation (step 2). At higher potentials, the weakly-

bound CO will be oxidized, leading to the recovery of the

surface reaction sites where electro-oxidation of formic acid

can then take place. It should be recognized that the low-

frequency intersect of the impedance spectra with the x axis

(i.e., charge-transfer resistance) also decreases with increasing

electrode potentials, signifying enhanced reaction kinetics of

the overall electro-oxidation of formic acid.57–58 These obser-

vations are also in agreement with the voltammetric results in

Fig. 2, where the broad anodic peak at ca. þ0.2 V is ascribed

to the direct oxidation of formic acid to CO2 (vide ante).

Fig. 3 (middle panel) depicts the impedance plots at poten-

tials between þ0.3 V and þ0.5 V. An interesting feature of the

impedance plot can be observed in this potential range; when

the potential is more positive than þ0.3 V, negative Faradaic

impedance can be observed that are drastically different from

the normal Nyquist plots under other potentials (e.g., top and

bottom panels). Namely, the impedance spectra now show up

in the second quadrant instead of the conventional first one.

Again, similar behaviors have also been observed during

electro-oxidation of methanol and formic acid on Pt and other

Pt-based alloy electrodes.29,55,56 Such a rapid transition from

positive to negative Faradaic impedance suggests the presence
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of an inductive component.59 Inductive behavior is often

observed in systems involving adsorbed intermediates or metal

surface corrosion.55,56,59,60 Here, the negative Faradaic impe-

dance can be explained by the formation of chemisorbed

hydroxyl species within this potential range (step 3), which

competes for surface adsorption sites against the poisoning

intermediates (CO) and, at the same time, enhances their

oxidative removal from the electrode surface (step 4). It is

worth noting from the CV measurements in Fig. 2 that

between the potentials of þ0.3 and þ0.5 V, adsorbed CO

begins to be oxidized, leading to high activities of the electrode

surface for CO oxidation in this potential range. Usually, the

hydroxyl species is considered as the oxygen-donating species

for adsorbed CO. Thus, the impedance results agree well with

those of CV measurements; and both experimental results

indicate that the formation of chemisorbed hydroxyl signifi-

cantly enhances the oxidation of surface-adsorbed CO.

In addition, from Fig. 3 (bottom panel), it can be seen that

at potentials more positive than þ0.6 V, the impedance plots

return to normal behaviors and the diameter of the arc firstly

decreases (from þ0.6 to þ0.7 V) and then increases (þ0.7 to

þ0.9 V) with increasing potentials. The increase of the arc

diameter above þ0.7 V is probably due to the formation of Pt

surface oxides, which leads to the increase of the charge-

transfer resistance for formic acid oxidation.

Fig. 4 shows the corresponding Bode plots of the Au/FePt

electrode in 0.1 M HCOOH þ 0.1 M HClO4 within different

potential ranges (indicated in the figure legends). The kinetic

process of the electrode reaction can also be evaluated from

the variation of the effective phase angle with electrode

potentials. It can be seen from the top panel that there exists

a maximum phase angle (somewhat less than �901, as antici-
pated from a purely capacitive element) at a characteristic

frequency (f1) for all Bode plots. This frequency, and hence the

corresponding electrochemical reaction rate, increases with

electrode potentials,55,58 as it represents the time constant

for the overall electrochemical reaction. When the potential

is more positive than �0.25 V, negative phase angles start to

appear at low frequencies, signifying that the reaction kinetics

changes from resistive behaviors to pseudo-inductive beha-

viors.55,58 Additionally, the frequency (f2) at zero phase angle

also increases with increasing electrode potential; again, in-

dicative of enhanced reaction kinetics as mentioned above.

In the potential range from þ0.3 V to þ0.5 V (middle

panel), however, an abrupt jump between the positive and

negative values of the phase angle was observed. This inter-

esting phenomenon corresponds to the transition to negative

faradaic impedance as shown in the Nyquist plots in Fig. 3

(middle panel). It can be ascribed to the difference of potential

dependency between the dehydrogenation reaction of formic

acid (step 2) and the electro-oxidation of adsorbed CO (step

4). The reaction rates of these two processes are typically

reflected by a maximum in the high and low frequency region,

respectively. As mentioned above, generally, the latter (step 4)

is a slower process (and therefore the rate-determining step)

and more sensitive to electrode potentials than the former

(though both frequencies increase with increasing electrode

potentials). At sufficiently high electrode potentials, the reac-

tion rate of step 4 starts to be comparable to that of step 2,

leading to the abrupt change of the phase angle. Such behavior

is very similar to that observed in methanol electro-oxida-

tion.55 When the potential is more positive than þ0.6 V,

surface-adsorbed CO is removed almost completely and there

is only one positive maximum of phase angle in the Bode plots

(bottom panel).

From the above CV and impedance results (Fig. 3 and 4),

the electrode reaction for formic acid oxidation can be derived

in different potential regions. The equivalent circuit, shown in

Fig. 5(A), can be used to fit the above impedance data at

Fig. 3 Complex-plane electrochemical impedance plots (Nyquist

plots) of the Au/FePt electrode in 0.1 M HCOOH þ 0.1 M HClO4

at various electrode potentials, which are given in the figure legends.

The solid lines show some representative fits to the experimental data

by the equivalent circuit in Fig. 5: �0.3 V (top); þ0.5 V (middle); and

þ0.65 V (bottom).
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potentials more negative than þ0.3 V or more positive than

þ0.5 V. Two representative fits are shown in the top (�0.3 V)

and bottom (þ0.65 V) panels of Fig. 3. It can be seen that both

fits are excellent. Here, RS is the solution resistance, CPE

(constant-phase element) and RCT are the capacitance (which

represents the double layer capacitance) and charge transfer

resistance, respectively. It has often been observed that the

impedance spectrum of a solid electrode may be distorted as a

consequence of the roughness of the catalytic layer or a

current constriction effect.55,57,58,61,62 In the present study,

the depressed semicircles in the complex-plane impedance

plots can be ascribed to the high surface roughness of the

electrode modified with FePt nanoparticles. On such a porous

solid electrode, the double layer impedance often exhibits CPE

characteristics instead of behaving like a pure capacitor.

In the potential range between þ0.3 V and þ0.5 V, the

adsorbed CO begins to oxidize thanks to the formation of

chemisorbed hydroxyl species. Thus, a component corre-

sponding to this reaction should be included in the equivalent

circuit. The impedance data in this potential range were then

fitted using the equivalent circuits shown in Fig. 5(B),63 where

Co and Ro represent the reaction capacitance and resistance

arising from the oxidation of adsorbed CO on the Au/FePt

electrode surface. A representative fit using such a circuit is

depicted in the middle panel of Fig. 3 (þ0.5 V).

Table 1 summarizes the fitting results of RS, RCT, CPE, n, Co

and Ro at different potentials by using the equivalent circuits

in Fig. 5, where n is a parameter for CPE, and at n = 1, the

CPE can be considered as a capacitor. From Table 1, it can be

seen that the values of RS (solution resistance), CPE, and n are

virtually invariant within the entire potential range under

study (�0.3 V to þ0.9 V). The fact that nE 0.9 at all electrode

potentials indicates that the CPE in this study is close to pure

capacitance. However, it is interesting to note that the charge

transfer resistance (RCT) exhibits a clear dependence on elec-

trode potentials, which is depicted in Fig. 6. At E = �0.3 V,

RCT is more than 2 MO; whereas at a slightly more positive

potential, E = �0.25 V, RCT decreases sharply by a factor of

Fig. 4 Bode plots of the electrochemical impedance of the Au/FePt

electrode in 0.1 M HCOOH þ 0.1 M HClO4 at various electrode

potentials, which are given in the figure legends.

Fig. 5 Equivalent circuits for the electro-oxidation of formic acid at

the Au/FePt electrode in varied potential regimes: (A) at potentials

more negative than þ0.3 V or more positive than þ0.5 V; and (B) at

potentials between þ0.3 V and þ0.5 V.

Table 1 Fitting parameters of the electrochemical impedance for Au/
FePt electrode at various potentialsa

E/V RS/O RCT/kO CPE/mF n Co/mF Ro/kO

�0.3 180.1 2233.0 2.58 0.89 — —
�0.25 260.7 450.3 2.44 0.93 — —
�0.2 263.2 193.9 2.30 0.94 — —
�0.1 184.0 138.1 1.39 0.96 — —
0 255.4 233.0 2.23 0.92 — —
þ0.1 164.9 100.5 4.54 0.79 — —
þ0.3 174.8 �118.5 2.72 0.88 5.20 0.14
þ0.4 263.7 �373.3 2.37 0.91 3.73 0.45
þ0.5 177.8 �1122.0 2.28 0.91 0.97 1.39
þ0.6 172.6 626.4 3.07 0.89 — —
þ0.65 271.6 398.5 2.83 0.89 — —
þ0.7 176.8 379.6 2.52 0.90 — —
þ0.8 176.0 215.9 2.01 0.93 — —
þ0.9 177.9 641.1 1.97 0.93 — —

a Experimental data were measured in 0.1 MHCOOHþ 0.1 MHClO4

(Fig. 3) and fitted by using the equivalent circuits shown in Fig. 5.
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five. At even more positive potentials (�0.2 to þ0.1 V), RCT

remains positive and exhibits only a slow decrease with

electrode potential. However, at þ0.3 V r E r þ0.5 V,

RCT becomes negative and decreases drastically with increas-

ing electrode potential. This can be ascribed to the inductive

behavior arising from the electro-oxidation of surface ad-

sorbed CO species, as speculated above (Fig. 3 and 4). Further

increase of the electrode potential to þ0.6 V leads to the

recovery of positive RCT, which shows a weak dependence on

electrode potential (þ0.6 V r E r þ0.9 V).

Conclusion

In this paper, the electro-oxidation of formic acid at FePt alloy

nanoparticle surfaces was studied by electrochemical voltam-

metry and impedance spectroscopy. The Au electrode mod-

ified with FePt alloy nanoparticles after UVO treatment was

successfully used as an electrocatalyst for the oxidation of

formic acid in an acid electrolyte. The FePt nanoparticle-

functionalized electrode exhibited comparable onset potential

for formic acid oxidation. Thus, FePt nanoparticles will be an

excellent electrocatalytic candidate in fuel cell applications.

Voltammetric and EIS studies showed that the formic acid

oxidation was affected by reaction intermediates adsorbed on

the electrode surface. In this study, EIS was used in the

investigation of the reaction kinetics and mechanism of elec-

tro-oxidation of formic acid. The variation of the reaction

mechanism in different potential regions was attributed to the

formation of different intermediates on the electrode surface.

With the increase of electrode potential, it was observed that

the kinetic behavior evolved from resistive to pseudo-inductive

and then to inductive characteristics. At low potentials, formic

acid dissociated spontaneously to produce the CO intermedi-

ate, which adsorbed readily onto the electrode surface. At

more positive electrode potentials, chemisorbed hydroxyl was

formed, which enhanced the oxidative removal of the ad-

sorbed CO intermediate. These results will be of fundamental

importance in understanding the electrochemical mechanism

for liquid organic fuel oxidation at different electrode poten-

tials, and hence enhanced performance of fuel cell catalysts.
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