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By selectively dealloying PtFeAl ternary alloy in 0.5 M NaOH solution, a novel nanoporous PtFe (np-

PtFe) alloy with nanorod-like morphology and inherent three-dimensional bicontinuous ligament-pore

structure was successfully fabricated. X-Ray diffraction and electron microscope characterization

demonstrated the crystal nature of the alloy ligament with ligament size down to �3 nm. NaOH

concentration plays a key role in the formation of a uniform PtFe alloy structure. Dealloying solution

with a low NaOH concentration (0.5 M) is suitable for the formation of a pure PtFe alloy structure,

while Fe3O4/np-PtFe nanocomposite is obtained when using a high NaOH concentration ($2 M). The

np-PtFe alloy can be facilely converted into a nanoporous near-surface alloy structure with a Pt-rich

surface and PtFe alloy core by a second dealloying process in dilute HNO3 solution. Electrochemical

measurements show that the nanoporous near-surface alloy has greatly enhanced catalytic activity and

durability towards methanol electro-oxidation compared with the state-of-the-art Pt/C catalyst. The

peak current density of methanol electro-oxidation on the nanoporous surface alloy is about five times

that on Pt/C. More importantly, continuous potential cycling from 0.6 to 0.9 V (vs. RHE) in 0.5 M

H2SO4 aqueous solution demonstrates that the np-PtFe surface alloy has a better structural stability

than commercial Pt/C. With evident advantages of facile preparation and enhanced electrocatalytic

activity and durability, the np-PtFe surface alloy holds great potential as an anode catalyst in direct

methanol fuel cells.
1. Introduction

In recent years, the synthesis of nanostructured magnetic mate-

rials, including metallic, metal alloys and metal oxides, has

attracted wide interest due to their unique physicochemical

properties and potential applications such as in information

storage, biosensing, drug delivery, etc.1–5 Metallic materials (such

as Fe nanocrystals) are magnetically strong but typically

unstable. Metal oxides (such as Fe3O4) are normally not very

strong in magnetic properties, but they are typically stable under

ambient conditions.6Metal alloys (such as PtFe nanocrystals) are

reasonably good on both magnetic strength and stability.7 In

terms of stability, PtFe nanocrystals are found to be even more

stable than iron oxides. Alloy nanocrystals are not only inter-

esting in the field of magnetic nanomaterials but also of impor-

tance in catalysis, bandgap tuning in semiconductor

nanocrystals, etc.8,9 As for their applications in catalysis/elec-

trocatalysis, for example, PtFe alloy nanoparticles (NPs) have
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been demonstrated to be a better catalyst for CO oxidation,

methanol electro-oxidation and oxygen electro-reduction

compared with pure Pt NPs, which indicates their great potential

in the field of fuel cells.10–12

The synthesis of PtFe NPs is, however, relatively compli-

cated, usually involving the use of excess organic solvents, toxic

Fe precursors (such as Fe(CO)5), high temperature and the

strict control of experimental parameters.13,14 On the other

hand, for the application of these NPs in fuel cells, usually

a conductive carbon support is needed (one famous example is

the commercial Pt/C catalyst). However, during the long-term

operation conditions, the durability of this kind of carbon

supported catalyst is usually poor due to corrosion of the

carbon support, the weak interaction between the catalyst and

support, and catalyst particle aggregation.15 While most

researchers have focused on improving the performance of Pt/

C-like supported Pt NPs, quite recently, supportless Pt nano-

structures were found to exhibit enhanced durability. For

instance, Yan and coworkers16 reported that free-standing Pt

and PtPd nanotubes had improved durability for O2 electro-

reduction. Yu and coworkers17 reported that a free-standing Pt

nanowire membrane was highly stable for electrocatalysis.

Therefore, developing new strategies for the fabrication of free-

standing PtFe nanostructures is an urgent topic.
This journal is ª The Royal Society of Chemistry 2012
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Dealloying (i.e., selectively removing the more active compo-

nents from alloys) has proved powerful for the fabrication of

free-standing three-dimensional (3D) nanoporous metals.18–25 It

is generally recognized that ideal bicontinuous nanoporous

structures are obtained from dealloying binary alloys with

a single phase solid solubility across all compositions (like AgAu

alloy).18,22 Based on the great success of RANEY� catalyst, Al-

based binary alloys have, recently, also been successfully used for

the fabrication of nanoporous noble metals such as Au, Pt, Pd,

etc.24 However, the fabrication of nanoporous alloys (especially

noble and non-noble metal alloys such as PtFe binary alloy) by

this dealloying method is still challenging. Although nanoporous

binary alloys can also be prepared by dealloying binary precursor

alloys, the ratio of the two components in the resulting nano-

porous alloy is hard to control.26,27 Ternary precursor alloys are

thus more suitable for the preparation of nanoporous binary

alloys with better composition control (if only one component

can be dealloyed and the other two are well-preserved).28,29

Because noble metals are usually stable during the process,

nanoporous noble metal alloys such as PtAu have been

successfully prepared by dealloying PtAuAg, PtAuCu and PtA-

uAl ternary alloys.30–32 Nanoporous PdCu alloys with pre-

determined Pd/Cu ratios have also been successfully prepared by

selectively dealloying PdCuAl ternary alloys in a NaOH solu-

tion,29 because the non-noble component Cu is also stable during

the dealloying process.33,34 However, can nanoporous PtFe alloy

also be prepared by this dealloying strategy, i.e., by dealloying

PtFeAl precursor alloy? It is known that, unlike Cu, Fe atoms are

not stable (easily oxidized) during the dealloying process in

alkaline dealloying solutions.35,36

In this work, we report for the first time that by controlling the

concentration of the alkaline dealloying solution, a free-standing

nanoporous PtFe (np-PtFe) binary alloy with predetermined

alloy composition can be straightforwardly fabricated by deal-

loying PtFeAl ternary alloy. The formation of stable and

uniform PtFe alloy ligaments should be due to the fast inter-

diffusion of Pt and Fe and protection effect of Pt from Fe

oxidation. Recent studies have demonstrated that specific

activity could be further enhanced on a fine tuned Pt near surface

structure with a nearly pure Pt surface and alloy sub-surface

configuration, also called surface alloy.37–39 Thus, in this work

the np-PtFe alloy is further dealloyed in dilute HNO3 solution

(0.5 M) for 20 min to fabricate this type of nanoporous surface

alloy. By efficaciously bypassing the problems of nanoparticle

aggregation and loss of contact to carbon support involved in

supported Pt/C-like catalysts, the free-standing np-PtFe surface

alloy exhibits greatly improved electrocatalytic activity and

durability for the methanol oxidation reaction (MOR) compared

with commercial Pt/C catalyst.
2. Experimental

Pt11Fe9Al80 (at%) ternary alloy foils with a thickness of �50 mm

were prepared by refining pure (>99.9%) Pt, Fe and Al in an arc

furnace, followed by melt-spinning under an argon-protected

atmosphere. np-PtFe alloy was prepared by selectively deal-

loying the ternary alloy in 0.5 M NaOH solution at room

temperature. The np-PtFe surface alloy structure was prepared

by further dealloying the as-prepared np-PtFe in 0.5 M HNO3
This journal is ª The Royal Society of Chemistry 2012
solution for 20 min. The commercial Johnson-Matthey Pt/C

catalyst (20 wt%) was purchased from Alfa Aesar.

X-Ray diffraction data (XRD) were collected on a Bruker D8

advanced X-ray diffractometer using Cu-Ka radiation (l ¼
1.5418 �A) at a scan rate of 0.04� s�1. The microstructures were

characterized on a JSM-6700 field-emission scanning electron

microscope (SEM) equipped with an Oxford INCA x-sight

energy dispersive X-ray spectrometer (EDS) and a JEM-2100

high-resolution transmission electron microscope (HRTEM).

The surface state of the np-PtFe surface alloy was analyzed with

an ESCALab250 X-ray photoelectron spectrometer (XPS).

The catalyst ink was made by sonicating a mixture of 2.0 mg

nanoporous metal, 1.0 mg carbon powder, 300 mL isopropanol,

and 100 mL Nafion solution (5 wt%) for 30 min. The catalyst

ink (4 mL) was placed on a polished glassy carbon electrode

(GCE, 4 mm in diameter) and dried. All electrochemical

experiments were performed on a CHI 760C workstation in

a three-electrode cell with the modified electrode as working

electrode, Pt foil as counter electrode and a mercury sulfate

electrode as the reference electrode. All potentials were referred

to RHE. Electrolyte solutions were deoxygenated by bubbling

with high-purity N2 for �30 min prior to measurements. CO

stripping experiments were carried out by first holding the

electrodes at 0.15 V (vs. RHE) in a 0.5 M H2SO4 solution with

continuous CO bubbling for 20 min. Then the electrodes were

transferred into a 0.5 M N2-purged H2SO4 solution to record

the CO stripping profiles. The electrochemical active surface

area (EASA) of Pt was calculated by integrating the charge

associated with H adsorption.26
3. Results and discussion

3.1. Preparation of np-PtFe

The reason for using an Al-based alloy is that Al can be

selectively removed in an alkaline solution while the other

active components such as Fe can be retained. In addition, Al

is rich in supply and has a low price. EDS characterization of

the precursor alloy (Fig. S-1 in ESI†) demonstrates that the

ratio of the three components is almost the same as the initial

feed ratio. After the dealloying, EDS analysis (Fig. S-1 in ESI†)

shows that the contents of Pt and Fe are basically unchanged

and Al is almost completely removed (�1.0 at% is remained).

The tiny amount of Al which cannot be removed should reside

in the PtFe crystal lattice in the form of a solid solution. This is

similar to the entrapment of a little amount of Ag in the Au

crystal lattice during the formation of nanoporous gold (NPG)

by dealloying AuAg alloy. The clear advantage of this deal-

loying approach compared with the traditional approach of

bottom-up chemical reduction synthesis is that this approach

allows the pre-determination of the alloy ratio, while for the

traditional one, the feed ratio of metal salts usually does not

guarantee the same nominal composition in the final alloy

sample, mainly due to the different reducing capacities of the

individual elements.

The crystal structures of the precursor ternary alloy and the

dealloyed sample were examined by XRD (Fig. S-2 in ESI†). For

the precursor alloy, a pure Al phase clearly exists due to the large

content of Al (80 at%). Most of the other peaks can be ascribed
J. Mater. Chem., 2012, 22, 7602–7608 | 7603
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to FeAl (e.g. Fe3Al and Al82Fe18) and PtAl (e.g. Al6Pt and

Pt8Al21) alloy phases and no diffraction peaks from a PtFe alloy

phase are observed, indicating the preferred formation of Al-

based alloy phase (probably due to the large content of Al in the

precursor alloy). For the dealloyed sample, the three diffraction

peaks at 42.7, 49.6, and 71.3 (2q) can be assigned to the (111),

(200), (220) diffractions, respectively, of face-centered cubic (fcc)

PtFe alloy. No diffraction peaks from pure Fe (or its oxides) as

well as PtFe ordered alloy phases are observed, suggesting the

formation of disordered single-phase PtFe alloy. Compared with

those of pure Pt, the three diffraction peaks of PtFe alloy shift to

higher 2q angles, indicating a lattice contraction caused by the

incorporation of smaller Fe atoms.

An SEM image of the dealloyed sample in 0.5 M NaOH

solution (Fig. 1a) shows that the PtFe alloy is composed of

hundreds of PtFe nanorods which exhibit several microns in

length and hundreds of nanometres in diameter. Furthermore,

these rods are surprisingly parallel with each other in a certain

range, forming clusters. The SEM image with a higher magnifi-

cation (Fig. 1b) shows that the nanoporous structure can be

clearly observed on the surfaces of the PtFe nanorods. A cross-

section SEM image of a nanorod (Fig. 1c) demonstrates that the

open, bicontinuous ligament-pore structure penetrates through

the whole nanorod. The clear contrast between the dark skele-

tons and bright pores in the transmission electron microscope

(TEM) image (Fig. 1d) is further evidence of the ligament-pore

structure of the PtFe nanorods and the size of the ligaments/pore

is �3 nm. A high-resolution TEM (HRTEM) image (inset in

Fig. 1d) shows that the continuous lattice fringes are well

resolved around the whole pore, indicating the crystalline nature

of ligaments. Most lattice spacing is measured to be 0.21 nm,

which corresponds to the (111) crystal plane of the PtFe alloy.

However, many dislocations and lattice distortions (some are

highlighted with circles) can also be observed from the large-area

HRTEM image (Fig. S-3 in ESI†). The inset in Fig. S-3 shows the
Fig. 1 SEM (a: low magnification, b: high magnification, c: high

magnification cross-section image) and TEM (d) images of np-PtFe

obtained in 0.5 M NaOH solution, inset in (d) is the corresponding

HRTEM image and the scale bar in the inset is 2 nm.

7604 | J. Mater. Chem., 2012, 22, 7602–7608
selected-area electron diffraction (SAED) pattern from the

nanoporous area of the sample. The SAED pattern is composed

of polycrystalline rings, indicating the crystalline nature of the

selected area (�200 nm in diameter). The rings from inside to

outside can be ascribed to the (111), (200), and (220) reflections

of fcc PtFe.

It is intriguing to find that by simply dealloying a PtFeAl

ternary alloy with multiple Al-based alloy phases, a well-

aligned free-standing nanoporous nanorod-like structure with

uniform PtFe alloy ligaments can be successfully fabricated.

The dealloying process has been widely studied in recent years.

Most of these studies have focused on dealloying a binary alloy

with a single phase solid solubility across all compositions such

as a AgAu alloy to prepare NPG.22 The formation mechanism

of NPG has been discussed according to a corrosion dis-

ordering/diffusion reordering model, a dynamic roughening

transition model and a kinetic Monte Carlo model.40,41

However, in the present case, for the PtFeAl ternary alloy with

multiple alloy phases, the dealloying process and formation

mechanism of the aligned nanoporous nanorod-like structure

are obviously more complicated. It is assumed that the deal-

loying of the ternary alloy starts firstly with the pure Al phase

(the most active phase). The removal of pure Al phase would

result in the formation of the large channels between nanorods,

which would facilitate the diffusion of dealloying solution and

the further dealloying of these Al-based alloy phases. Accom-

panying the removal of Al from these Al-based alloy phases,

the left Fe and Pt adatoms on the alloy/solution interface will

interdiffuse to form PtFe alloy ligaments and nanopores. It is

reasonable to believe that these different Al-based alloy phases

should be very close to each other. Thus, the lattice vacancies

formed by the removal of Al from PtAl (FeAl) phases will be

quickly filled by the nearby Fe (Pt) adatoms, which results in

the formation of a uniform np-PtFe alloy instead of a hybrid of

Pt part and Fe (Fe oxide) part. For the explanation of the

formation of nanorod-like structure, we assume that in the

precursor PtFeAl alloy, these Al-based alloy phases exist in

the form of nanorods and after the dealloying, the nanorod-like

structure is maintained. This assumption is demonstrated by

studying the morphology evolution of the ternary alloy with

dealloying time. As shown in Fig. S-4a,† without dealloying,

the precursor alloy shows no characteristic morphology. After

only 15 min of dealloying in 0.5 M NaOH solution (Fig. S-

4b†), some nanorod-like structures can already be observed,

however, no nanoporous structure is formed on the rod surface

(Fig. S-4c†). At this time, EDS results show that only �9 at%

Al is removed, which indicates that the dealloying should only

have occurred on the alloy surface and mainly occurred on the

pure Al phase. When the dealloying time reaches 60 min

(Fig. S-4d†), it is observed that the large channels between

nanorods become deeper due to the further removal of pure Al

phase. The nanorod surface also shows nanoporous structure

(Fig. S-4e†), indicating that with the removal of pure Al phase,

the dealloying of other Al-based alloy phases also occurs. At

this time, EDS analysis shows that the Al content is �43 at% in

the alloy. After almost complete removal of Al, the nanorod-

like structure is well-preserved, which indicates that the

morphology of the precursor is well inherited in the resultant

nanoporous structure after dealloying.
This journal is ª The Royal Society of Chemistry 2012
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3.2. Effects of NaOH concentration

The dealloying rate of Al increases with the increase of NaOH

concentration. When 0.5 M NaOH is used, the H2 gas bubbles

are produced slowly and ca. 18 h is needed for the almost

complete removal of Al. The H2 bubbling becomes intense and

the dealloying time becomes shorter with increasing NaOH

concentration. For example, when 5 M NaOH is used, only ca.

6 h is needed for the cessation of bubbling (the removal of Al).

SEM images of the dealloyed samples obtained with different

NaOH concentrations show that when the NaOH concentra-

tion is over 2 M, some octahedral nanostructures with sizes of

200–400 nm appear on the PtFe nanorod surface (Fig. 2 shows

both the plane view (a) and cross-section view (b)). The XRD

pattern of this sample is shown in Fig. S-2 (ESI†). The

diffraction peaks at 40.9, 47.3, and 68.3 (2q) can be indexed to

the (111), (200), (220) diffractions of fcc PtFe alloy structure,

respectively. In addition, some new diffraction peaks (marked

with *) can also be clearly observed. Upon analysis, these peaks

can be well indexed to Fe3O4 (PDF 19-0629). Thus, the deal-

loyed sample with higher NaOH concentration ($2 M) should

be Fe3O4/np-PtFe composite nanostructure. EDS analysis of

a single octahedron shows that it is composed of Fe and O in

a ratio of 3 : 4. This result further demonstrates that the

octahedra are Fe3O4 crystals. Because some Fe atoms are

transformed into Fe3O4, it is observed that the diffraction

peaks from PtFe alloy in the composite shift to lower 2q values

compared with those from pure np-PtFe obtained in 0.5 M

NaOH solution. If the obtained crystal diffraction data from

the PtFe alloy part follow Vegard’s law, one can estimate that

the Fe content in the PtFe alloy part is �27.5 at%, which

means that �16.5 at% Fe are oxidized to Fe3O4. The enlarged

SEM image of the PtFe part (Fig. 2c) indicates that the

nanorod-like structure retains the nanoporous structure with

the similar ligament size of �3 nm. This indicates that the

increased dealloying rate has little effect on the size of the alloy

ligament, which should be due to the slow diffusion rate of

both Pt and Fe in NaOH solutions.39

For the formation of Fe3O4 octahedra, it is suggested that

upon the leaching of Al from FeAl alloy phases, some exposed Fe

adatoms (which are away from Pt adatoms and much less

coordinated) will be quickly oxidized to form intermediate

Fe(OH)2
35,42 and finally Fe3O4. The formation process of Fe3O4

from Fe(OH)2 can be explained by the oxide-assisted growth

(OAG) mechanism in which the following reactions occur:43

Fe(OH)2 / Fe(OH)3
� / Fe(OH)3aq (1)
Fig. 2 SEM images of the dealloyed sample in 5 M NaOH solution, plane vie

This journal is ª The Royal Society of Chemistry 2012
Fe(OH)2 + 2Fe(OH)3aq / Fe3O4(s) + 4H2O (2)

As the dealloying process goes on, more Fe atoms would be

oxidized and land on the formed magnetite nuclei, generating

large Fe3O4 nanoparticles. During the process of crystal growth,

the tendency to achieve a minimum total surface energy favors

the formation of octahedral particles because the general

sequence of surface energy is r(111) < r(100) < r(110).44 More-

over, it has been demonstrated that a high OH� concentration is

favorable for the formation of Fe3O4 octahedra during the

hydrothermal synthesis process because OH� would adsorb on

the (111) facet of the crystal and slow down the growth along the

[111] direction.45 The whole formation process of the magnetic

nanocomposite is illustrated in Fig. 3. Thus, the formation of

different nanostructures with increasing NaOH concentrations

can be explained by the different formation rates of Fe adatoms,

the oxidation of Fe adatoms and the protection effect of Pt

adatoms. When dealloying the PtFeAl precursor alloy in 0.5 M

NaOH solution, no Fe3O4 crystals are formed, indicating that all

Fe adatoms during the dealloying process have been protected by

the Pt adatoms forming a stable and uniform PtFe alloy struc-

ture. When a higher NaOH concentration (such as 5 M) is used,

the dealloying rate increases and the Fe adatoms would be

produced more quickly. Under these conditions, these Fe ada-

toms cannot be fully protected by Pt adatoms and some of them

(which are significantly less coordinated) are transformed into

Fe3O4, resulting in the formation of Fe3O4/np-PtFe nano-

composite. Moreover, a NaOH solution with a higher concen-

tration also has a stronger effect on the oxidation of Fe adatoms.

To demonstrate the protection effect of Pt adatoms, the deal-

loying of Fe20Al80 alloy has also been carried out with various

NaOH concentrations (0.5 to 5 M). After dealloying, all the

products are found to be pure Fe3O4 octahedra (an SEM image

of the product obtained in 5 M NaOH solution is shown in

Fig. S-5 in ESI†). This result indicates that the presence of Pt in

the precursor alloy is important for the protection of Fe adatoms

and formation of uniform PtFe alloy.
3.3. Fabrication of np-PtFe surface alloy and electrochemical

measurements

To fabricate the np-PtFe surface alloy structure, the as-

prepared np-PtFe is further dealloyed in dilute HNO3 aqueous

solution (0.5 M) for 20 min. Fig. 4a shows the cyclic voltam-

metry (CV) curves of the np-PtFe surface alloy (np-PtFe SA)

and np-PtFe (not treated) in 0.5 M H2SO4 solution. Compared

with np-PtFe (not treated), the np-PtFe SA shows more
w: (a); cross-section view (b) and high magnification of the PtFe part (c).

J. Mater. Chem., 2012, 22, 7602–7608 | 7605
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characteristic hydrogen under-potential adsorption/desorption

(0–0.4 V) and Pt oxidation (above 0.8 V) curves, which indi-

cates that this sample has a surface state close to pure Pt. It

should be mentioned that after the second dealloying, EDS

analysis shows that the content of Fe decreased to �30 at%

from �44 at%. SEM characterization shows, however, no

obvious changes in both the nanorod-like morphology and

inherent ligament-pore structure after the second dealloying in

dilute HNO3, indicating the dealloying should occur on the

outer surface of the ligaments and the residual Fe atoms locate

in the core of the ligaments. The reason for the dealloying

occurring only on the outer surface (forming a Pt-rich surface

alloy not nanoporous pure Pt) should be due to the large

content of noble metal Pt in the PtFe ligaments. This value

should be over the threshold for complete dealloying of Fe in

PtFe alloy.46 The surface state of the np-PtFe SA was further

studied by XPS. The two Pt 4f peaks locate at 71.5 and 75 eV

(Fig. S-6a in ESI†), corresponding to the Pt 4f7/2 and Pt 4f5/2 of

Pt0, respectively. Compared with that of pure Pt (71.2 eV), the

Pt 4f7/2 binding energy of the np-PtFe SA is positively shifted,

which can be ascribed to the charge transfer between Pt and Fe.

The positive shift suggests a lower density of valence electrons

(5d) of the surface alloy than that of pure Pt.47 The lowered

electron density of the Pt 5d orbital can decrease an electron

back-donation from the Pt 5d orbital to the 2p* orbital of CO

and consequently suppress CO–Pt bonding (i.e., enhanced CO

tolerance of Pt).48 The XPS spectrum of Fe 2p of np-PtFe SA

shows that both Fe0 (Fe 2p3/2 located at 706.75 eV) and

oxidized Fe (Fe 2p3/2 located at 710.7 eV) exist in the near-

surface alloy (Fig. S-6b in ESI†). The oxidized Fe signal should

come from residual Fe atoms on the surface (or near surface

layers) which are oxidized by O2 in air. On the other hand, it

has also been demonstrated that the active component in an

alloy has a tendency to diffuse to the surface and form more

stable oxides.49
Fig. 4 CVs of np-PtFe SA and np-PtFe (not treated) in 0.5MH2SO4 solution

1.0 M methanol solution. Scan rate: 50 mV s�1.
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Fig. 4b shows the CVs of np-PtFe SA, np-PtFe (not treated)

and commercial Pt/C catalyst in 0.5 M H2SO4 + 1.0 M CH3OH

solution. The peak at �0.90 V in the positive-going scan is

attributed to the electro-oxidation of methanol. The anodic peak

at �0.75 V in the reverse scan can be associated with the reac-

tivation of oxidized Pt.50 It is noticed that the peak potentials in

the positive-going scan on the np-PtFe SA locates at 0.85 V,

which is evidently lower than that on Pt/C (0.90 V), indicating the

facilitated reaction kinetics for methanol dehydrogenation on the

np-PtFe SA. More importantly, the surface specific current

density for MOR on the np-PtFe SA is much higher than that on

Pt/C catalyst (�5 times). The np-PtFe SA also shows higher

activity for MOR compared with np-PtFe (not treated), indi-

cating that the formation of Pt-rich surface and PtFe alloy core

structure (i.e., surface alloy) is beneficial for further activity

enhancement. The mass activity of np-PtFe SA is calculated to be

�1500 mA mg�1Pt which is also much higher than that of Pt/C

(�500 mA mg�1Pt), suggesting that it is more economical to use

this free-standing nanoporous surface alloy in fuel cells.

Two possible mechanisms have been proposed to explain the

enhanced electrocatalytic activity of Pt-based alloy for MOR.

One is the bifunctional mechanism, i.e., the other metal on the

alloy surface allows the formation of oxygenated species to

oxidize the dissociative intermediates produced on nearby Pt

sites resulting in a higher activity of Pt.51 The other is based on

electronic and strain effects caused by the alloying with another

metal.52 In this work, since the Pt-rich near-surface alloy

structure has a much higher catalytic activity compared with

non-treated np-PtFe, we assume that the activity enhancement

is better explained by the latter one. Recently, based on both

experimental studies and theoretical calculations, PtCu near-

surface alloy has proven a promising catalyst for the low-

temperature water-gas-shift reaction.53 Dealloyed PtCu alloy

NPs with a Pt-rich surface on PtCu alloy core38,54,55 and Pt

monolayer shell on Pd nanostructure core56,57 have also been
(a); CVs of np-PtFe SA, np-PtFe (not treated) and Pt/C in 0.5MH2SO4 +
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demonstrated to be excellent electrocatalysts for oxygen

reduction reactions (ORR). The enhanced catalytic activity is

suggested to be related to a compressively strained Pt-rich shell.

By establishing the activity–strain relationship,38 it is demon-

strated experimentally that the deviation of the Pt-shell lattice

parameter from that of bulk Pt (i.e., lattice strain in the shell) is

the controlling factor in the activity enhancement of the surface

alloy structure. Based on these arguments, it is not surprising

that the present nanoporous surface alloy structure exhibits

enhanced catalytic activity towards MOR. On the other hand,

compared with Pt/C catalyst, the inherent bicontinuous liga-

ment-pore structure within each nanorod is suggested to play

a vital role in the easy transport of electrons and fuel molecules

in all three dimensions. Moreover, one-dimensional nanonod or

nanowire structures have been demonstrated to possess

enhanced electrocatalytic activity towards both MOR and

ORR.58 The enhancement can be ascribed to their uniquely

anisotropic nature which imparts advantageous structural and

electronic factors in catalytic reactions.56,59

To gain more insight into the enhanced activity of the np-PtFe

SA, a CO electro-stripping experiment was carried out. As shown

in Fig. 5a, the CO stripping peak on the np-PtFe SA locates at

0.74 V, which is remarkably negatively shifted compared with

that on Pt/C (0.90 V). It is observed that there are two CO

stripping peaks on np-PtFe SA. This phenomenon has been

explained elsewhere.60,61 It is believed that the different peaks are

due to the oxidation of the CO molecules adsorbed on different

sites, and the stripping peaks are sensitive to the composition and

microstructure of the metal catalysts. It is also observed that the

current density for CO electro-oxidation on the np-PtFe SA is

smaller than that on Pt/C. These results indicate that the CO

adsorption is weaker on np-PtFe SA than on Pt/C. In other

words, the np-PtFe SA is more tolerant to CO poisoning. The

weak CO adsorption should be due to the electronic effect

between Pt and Fe as demonstrated above by the XPS study. The

long-term catalytic activity of the np-PtFe SA is also evaluated

by studying its steady-state current response with time. Fig. 5b

presents the chronoamperometry data under 0.85 V in a solution

of 0.5 M H2SO4 + 1.0 M CH3OH for 2000 s. Initially the rapid

current decay for the two catalysts is caused by the formation of

double layer capacitance. Then the decrease in current should be

due to a small amount of COads species accumulation on catalyst

surfaces during methanol oxidation.62,63 In addition, SO4
2�

adsorption on the catalyst surface also leads to the current decay
Fig. 5 CO-stripping curves for np-PtFe SA and Pt/C catalysts in 0.5MH2SO4

Pt/C in 0.5 MH2SO4 + 1.0 Mmethanol solution at 0.85 V (b), inset of (b) show

those in (b); normalized EASAs of the two catalysts versus the number of sca
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by inhibiting the active sites.64 Upon long-time operation, the

current gradually reached a quasi-equilibrium steady state with

a much higher current on np-PtFe SA than that on Pt/C, which is

in good agreement with the results from the CV study. The

residual activities of the two electrodes in 0.5 M H2SO4 + 1.0 M

CH3OH solution under 0.85 V are shown in the inset of Fig. 5b.

As observed, the steady-state current on np-PtFe SA is more

stable than that on Pt/C catalyst. After 2000 s, the np-PtFe SA

retains more than 50% of the initial value, while the current value

of Pt/C drops to �20% of the initial value. This result indicates

that the nanoporous surface alloy has a dramatically enhanced

catalytic durability.

The structure stability of the np-PtFe SA during long-term

operation is also evaluated by continuous CV cycling from 0.6 to

0.9 V in 0.5 MH2SO4 solution at room temperature. As shown in

Fig. 5c, the EASA of np-PtFe SA decreases slowly with

increasing scan cycles and remains�90% of the initial value after

5000 cycles, while after the same treatment the EASA of Pt/C

drops to �75% of its initial value. This result indicates that the

structural stability of the nanoporous surface alloy is also much

higher than that of Pt/C despite the incorporation of a more

active metal Fe. An SEM image of np-PtFe SA after 5000 CV

cycles is shown in Fig. S-7 (ESI†). It is observed that the

bicontinuous ligament-pore structure is well retained with

slightly coarsened ligaments (most of the ligaments are still less

than 10 nm). Because the surface diffusion scaling follows

a power law decay (proportional to a quarter order of time), the

coarsening of a porous structure is significantly slowed down as

the ligament size grows larger, especially for Pt which has

a rather small surface diffusivity.40 Moreover, it has been

demonstrated that reduced Pt–Pt interatomic distance (i.e., Pt

lattice contraction) can enhance the durability of a Pt catalyst.65

On the basis of these arguments, it is no surprise that the

uniquely strained Pt-rich surface alloy structure also exhibits

enhanced stability.
4. Conclusions

This study demonstrates that by controlling NaOH concentra-

tion in dealloying a PtFeAl ternary alloy, a np-PtFe nanorod-like

alloy with a 3D bicontinuous ligament-pore structure and

uniform alloy composition can be facilely prepared. By a second

dealloying treatment in dilute HNO3 solution, np-PtFe can be

converted to a np-PtFe surface alloy structure which shows
solution, scan rate: 50 mV s�1 (a); current–time curves of np-PtFe SA and

s the residual activities of the two electrodes under the same conditions as

n cycles (from 0.6 to 0.9 V) (c).
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superior catalytic activity and durability towards MOR

compared with Pt/C. It is suggested that the surface strain and

alloying effect in the Pt-rich surface alloy structure account for

the enhanced performance. Moreover, the fabrication method is

green and quite suitable for large scale production of this low-

cost and high-performance nanocatalyst.
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