
25 April 2024

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

Nanoporous FePd alloy as multifunctional ferromagnetic SERS-active substrate

Published version:

DOI:10.1016/j.apsusc.2020.148759

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is a pre print version of the following article:

This version is available http://hdl.handle.net/2318/1797887 since 2021-08-24T17:08:27Z



 
 

This Accepted Author Manuscript (AAM) is copyrighted and published by Elsevier. It is posted here 

by agreement between Elsevier and the University of Turin. Changes resulting from the publishing 

process - such as editing, corrections, structural formatting, and other quality control mechanisms - 

may not be reflected in this version of the text. The definitive version of the text was subsequently 

published in  

 

Matteo Cialone, Federica Celegato, Federico Scaglione, Gabriele 

Barrera, Deepti Raj, Marco Coïsson, Paola Tiberto, Paola Rizzi 

“Nanoporous FePd alloy as multifunctional ferromagnetic SERS-

active substrate” Applied Surface Science 543 (2021) 148759, 

https://doi.org/10.1016/j.apsusc.2020.148759 
 

 

You may download, copy and otherwise use the AAM for non-commercial purposes provided that 

your license is limited by the following restrictions: 

 

(1) You may use this AAM for non-commercial purposes only under the terms of the CC-BY-NC-ND 

license.  

(2) The integrity of the work and identification of the author, copyright owner, and publisher must be 

preserved in any copy.  

(3) You must attribute this AAM in the following format: Creative Commons BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/deed.en),  

 

http://creativecommons.org/licenses/by-nc-nd/4.0/deed.en


Nanoporous FePd alloy as multifunctional
ferromagnetic SERS-active substrate

Matteo Cialonea,b, Federica Celegatob, Federico Scaglionea, Gabriele Barrerab,
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Abstract

Nanoporous materials represent a unique class of materials, given to their un-

foreseen magnetic, mechanical, optical and catalytic properties arising from their

network of pores and ligaments. Here a polycrystalline thin film of FePd is con-

sidered as a starting system, in which the porosity is induced via dealloying.

This process determines the removal of iron from the alloy and the diffusion of

palladium on the surface, which in turn influences the evolution of the material’s

composition, magnetic properties and optical properties. In addition, from the

magnetic point of view, the material acquires a more isotropic behaviour while

the magnetic moment decreases due to the removal of iron. In the same way,

there is an improvement of the surface enhanced Raman scattering as the deal-

loying proceeds, due to the formation of clusters of palladium on the surface.

This mixture of optical and magnetic properties, combined with its high cor-

riosn resistance and biocompatibility, gives the system a strong multifunctional

connotation, paving the way for new applications, ranging from magnetic trap-

ping to detection of low concentration of molecules. In particular, palladium-

rich nanoporous thin films have been produced by dealloying a polycrystalline

Fe75Pd25 (at. %) alloy in hydrochloric acid. The depletion of the iron and

the surface diffusion of the palladium determines not only an evolution of the
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morphology and stoichiometry of the alloy but moreover a change in the optical

and magnetic properties of the system. Concerning the magnetic properties, as

the dealloying process proceeds, the system acquires a more isotropic behavior.

In a like manner, the surface enhancement of the Raman scattering, that has

been proven using bipyridine as a probe molecule, increases with the dealloy-

ing time. This enhancement, alongside with the high corrosion resistance and

biocompatibility of the FePd alloys, makes them ideals for being employed as

surface enhanced Raman spectroscopy substrates in bio-medical applications.

Therefore, this mixture of optical and ferromagnetic properties gives these sys-

tems a strong multifunctional connotation, which can pave the way for new

applications.

Keywords: Nanoporous alloys, nanoporous thin films, chemical dealloying,

SERS effect

1. Introduction

Nanoporous materials have been attracting more and more attention lately

because of their exceptional properties and a wide variety of potential applica-

tions. Surely, nanoporous (NPs) materials own their fame thanks to the high

surface-to-volume ratio that distinguishes them from their continuous counter-5

part. This favourable surface-to-volume ratio makes them suitable for different

applications such as fuel cells [1], capacitors [2], batteries [3], catalysis [4, 5], and

more in general sensing [6, 7]. In this work, single-phase polycrystalline Fe75Pd25

(at.%) alloy has been considered as starting material to produce nanoporous thin

films via chemical dealloying. The initial stoichiometry, abundant in iron, guar-10

antees to be far away from the parting limiting, making possible the dealloying

process. Dealloying is based on the selective removal of the less noble atoms

from the alloy and the surface diffusion of the remaining more noble atoms,

which eventually led to an interconnected network of pores and ligaments [8].

Most of the work on dealloying has been done on a bi-component, single-phase,15

solid solution alloys, among which the most common are the Cu-Au [9], Au-
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Ag [10, 11], Cu-Mn [12], and more, in general, the AlxM100−x alloys, where

M=(Au, Pd, Pt, Ag and Cu) [13]. In this perspective several binary systems

have been considered for the production of porous palladium, such as AlPd

[13], PdCu [14, 15], NiPd [16], PdCo [17, 18], as well ternary systems such as20

the FeAlPd [19] and AlPdNi [20]. However, in all the cases listed above, the

main aim was to produce a single element (e.g. palladium) porous material. In

this work the approach is different, as the goal is to produce a two-component

porous material which allows to widen the spectrum of possible applications. In

fact, the novelty of the system presented in this work is precisely the possibility25

of obtaining a multifunctional system, a material that is ferromagnetic and at

the same time has a surface-enhanced Raman scattering effect (SERS). Indeed,

mainly precious metals such as gold and silver [21, 22] have been used in SERS-

active substrates due to the presence of resonance of surface plasmons. As a

result, the use of other materials for the synthesis of SERS-active substrates has30

been limited, even if also other metals, such as platinum and palladium, have

been shown to be suitable for the synthesis of SERS-active substrates [23, 24].

In the case of porous metals, the presence of ligaments with dimensions in the

nanometer scale, provides the necessary spatial confinement for the generation of

surface plasmons, making nanoporous materials particularly suitable to be used35

as SERS-active substrates [25], which is one of the most promising methods for

the detection of the small concentration of organic molecules and nanoparticles

[26, 27].

In addition, their particular morphology has made porous materials popu-

lar in the field of magnetism, where it has been shown that their exceptional40

surface extension dramatically increases the magnetoelectric effect mediated by

liquid electrolyte [28]. Moreover, these types of nanoporous magnetic materi-

als can be used as magnetic traps [29] and separation of organic molecules [30]

or even bio-catalysis [31]. Subsequently, the treapped molecules be detected

by exploiting the detection ability due to it SERS effect. Last but not least,45

the composition of this alloy makes this material biocompatible [32] and the

presence of a passivation layer of palladium renders this material particularly
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resistant to oxidation and therefore suitable for use in harsh environments.

2. Experimental

The deposition of thin film of Fe75Pd25 (at.%) was performed via dual source50

sputtering (Pbase = 1.0 · 10−7 mbar) in an argon atmosphere (Pdep = 1.0 · 10−2

mbar) . Two different targets of elemental iron (purity 99.99%) and elemental

palladium (purity 99.98%) were used in a confocal configuration, with the iron

target driven at radio frequency and the palladium target driven with a con-

tinuous current. The thickness of the as prepared films, measured via atomic55

force microscopy (AFM), is of (100 ± 2) nm. The FePd films were deposited on

a gold-coated silicon oxide substrate and subsequently chemically dealloyed in

a 2 molar aqueous solution of hydrochloric acid, without applying any external

potential. In this regime, since the pH of the electrolyte is almost zero, accord-

ing to the Pourbaix diagrams at room temperature [33], the iron gets corroded,60

while being in the immunity region for the palladium, avoiding the formation

of palladium hydrides. All the dealloying experiments were carried out at room

temperature and without stirring the solution. Samples were dealloyed for se-

lected times, ranging from 15 up to 120 minutes. To interrupt the action of

the etching solution, the samples where rinsed repeatedly with de-ionised wa-65

ter. The evolution of the morphology and of the stoichiometry was studied

via scanning electron microscopy (SEM) equipped with a energy dispersive x-

ray spectrometer (EDS) and with atomic force microscopy (AFM). Analysis of

the SEM images was performed using the ImageJ software [34]. The crystal

structure of the films, for selected dealloying times, has been investigated via70

grazing incidence x-ray diffraction (GIXRD) using the Cu-Kα radiation. The

magnetic properties were investigated at room temperature using a vibrating

sample magnetometer (VSM) capable to provide a maximum field of 20 kOe

and equipped with a rotating head, used to investigate the magnetic anisotropy

of the samples. The dealloyed samples were studied as well as a substrate for75

Surface Enhanced Raman Scattering (SERS). SERS measurements were per-
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formed with a Renishaw inVia Raman Microscope, equipped with a 514 nm

wavelength laser line. The optimised experimental conditions were defined as

an acquisition time of 40 s, 100% power at the surface and a 20x magnification

objective. Before experiment, samples were deeply cleaned in de-ionised water80

to remove traces of acids from pores and then dried at air. As a probe molecule,

4-4 bipyridine (bipy) in ethanol solution with concentrations ranging from 10−6

to 10−14 M. The samples were incubated for one hour into the solution with

the desired concentration of bipy, then dried at air, and subsequently measured.

All the solutions were prepared from reagents grade chemicals and de-ionised85

water.

3. Results and discussion

3.1. Morphology and crystal structure

The evolution of the morphology of samples dealloyed for different times can

be observed from scanning electron microscope and atomic force microscope90

images (Fig. 1 (a)-(e)). Looking at Fig. 1 (a), small cracks on the surface of

the as-prepared film can be recognised, most probably generated by the residual

stresses determined during the deposition of the film [35]. However, the surface

is smooth, with a roughness of (1.4 ± 0.2) nm (calculated according to [36, 37]).

Moreover, on the surface of the as-prepared film, beside cracks, it is evident the95

presence of bumps that can be related to the presence of columnar crystalline

grains, usually formed during sputtering deposition [35]. This interpretation

can be confirmed from AFM image (see Fig. 1 (d)) where individual grains can

be associated to the bumps on the surface of the sample. From GIXRD of the

as-prepared sample (Fig. 2) it can be seen that the (110) reflection of the α-100

(Fe,Pd) has an anomalous shape due to the presence of a non homogeneous Pd

content in the α-(Fe,Pd) supersaturated solid solution that enable the formation

of a convolution of diffraction peaks at slightly different angles, each one related

to a solid solution with a slightly different composition, i.e. slightly different

lattice parameters. Therefore, an asymmetric reflection characterised by high105
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full width at half maximum (FWHM) and a broad and rounded tip is obtained.

From this evidence, areas characterised by different reduction voltages can be

inferred due to the not uniform distribution of Fe and Pd in the crystalline grains

of the α-(Fe,Pd) supersaturated solid solution. Areas with higher Pd content can

be expected to be more noble with respect to regions with a reduced amount110

of Pd. Therefore, electrolyte is expected to act preferably on the less noble

areas, starting the dealloying process where Fe content is higher. Moreover, at

the beginning of the process, the electrolyte can penetrate into cracks present

on the surface, therefore, Fe atoms will be firstly removed from the side of the

cracks. From Fig. S1 (a) and (b), showing the surface of the film dealloyed for 15115

minutes, the cracks appears slightly enlarged and the bumps, previously related

to columnar crystalline grains, have voids surrounding them, hence, it can be

observed that at the beginning, the dealloying process, is acting in cracks and at

the grain boundaries. As can be seen from Fig. 2, the (110) reflection of the α-

(Fe,Pd) belonging to the film after 15 minutes of dealloying has a different profile120

with respect to the as-prepared film, that is, the peak becomes symmetric, the

tip is sharp and the FWHM is reduced. This can be related to the dealloying of

the less noble areas in the sample, with the dissolution of Fe and the consequent

surface diffusion of Pd adatoms. As voids are created where grains boundaries

are present, it can be inferred that grain boundaries are less noble then the core125

of the grains, i.e. they have an higher Fe content. Therefore, one can assume

that during sputtering, an increase in Fe content is produced from the core

of the columnar crystals to the grain boundaries with a composition gradient.

Therefore, when dealloying starts, Fe is removed preferentially from the side of

the grains while the core, characterised by an uniform more noble composition,130

remains unaltered due to its higher electrochemical stability. This hypothesis

is validated by the large decrease in Fe content after 15 minutes of dealloying

down to 62% at.% as shown in Fig. 4. Furthermore, the roughness of the

surface of the sample increases, reaching a value of (1.6 ± 0.2) nm, due to the

dealloying acting preferentially on the grain boundaries. After 30 minutes of135

dealloying (see Fig. S2 (a) and (b), t= 30 minutes), the process is proceeding
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by increasing the deepness of the voids around the grains as it can be observed

from the AFM image in which the grain morphology is similar to the one of

the film dealloyed for 15 minutes (see Fig. S1), while the roughness is increased

up (3.0 ± 0.3) nm as reported in Fig. 3. After 60 minutes, the iron content140

decreases further, reaching an atomic content of 60 % and the grain boundaries

of the crystalline grains are well evident. At this stage, the dealloying is not

only proceeding between cracks and in the grain boundaries, but begins to act

also on the surface of the grains and ligaments start to be formed. This can

be evidenced both from SEM and AFM images, and from a further increase in145

roughness up to (3.4 ± 0.3) nm. According to the model proposed by Erlebacher

et al.[38], at this stage, palladium adatoms are diffusing on the surface, forming

clusters that start to coalesce, giving rise to hill-shaped features on the surface.

Simultaneously, the dissolution of the iron is proceeding, removing more atoms

from the surface of the film.150

Figure 1: SEM images of the surface of the film: (a) as prepared, (b) dealloyed for 60 minutes,

(c) dealloyed for 120 minutes. AFM images of the surface of the film: (d) as prepared, (e)

dealloyed for 60 minutes, (f) dealloyed for 120 minutes.
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Increasing the dealloying time up to 90 (see Fig. S3 (a) and (b), t=90 min-

utes) and 120 minutes (see Fig. 1 (c) and (f)), a strong evolution of the surface

morphology can be observed. This is due to the evolution of the dealloying

process with the formation of an array of pores and ligaments which dimen-

sions, well evident from SEM images (Fig. S3 (a) and (b), t=90 minutes), are155

increasing with the dealloying time (from 90 up to 120 minutes). At this stage

(film dealloyed for 120 min), the surface roughness reaches its maximum, with

a value of (6.6 ± 0.4) nm. However, in this phase, there is only a slight decrease

in the average composition, with a decrease in Fe content that reaches a value of

about 52%. As can be seen from the diffraction patterns of Fig. 2, for the film160

dealloyed for 120 minutes, besides the α-(Fe,Pd) solid solution, an additional

face-centred cubic (FCC) phase is recognisable, belonging to a palladium rich

phase. Comparing the angular position of the (200) reflection of a pure palla-

dium phase (2θ=46.956◦) with the angular position of (200) reflection measured

for the dealloyed film (2θ=47.204◦), it can be seen that it has a smaller lattice165

parameter, accounting for the presence of some Fe dissolved by the Pd phase,

which form a solid solution γ-(Fe,Pd). Moreover, the peak belonging to the

γ-(Fe,Pd) phase presents a high FWHM which indicates for the formation of

nanocrystalline grains. According to the observed trend of the alloy stoichiom-

etry, reported in Fig. 4, it can be seen that after 90 minutes of dealloying the170

composition remains almost unaltered. Therefore, it can be inferred the forma-

tion of a Pd rich passivation layer on the surface of the material, that preserve

the FePd solid solution still presents underneath from a further dealloying. The

formation of the passivating layer could be related to the coalescence of the Pd

clusters formed on the surface during the dealloying process. The formation of a175

passivation layer on the surface of a nanoporous sample was previously observed

in literature for a Cu-Rh system in which an oxide passive layer was detected

[39]. Liu et al. observed that the oxide passive layer was mainly constituted

by the noble Rh element and stated that similar behaviour can be detected

in alloys containing passive noble metals (such as Pt and Pd). On this basis,180

the formation of a Pd rich passivation layer is confirmed in Fe-Pd system. In
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the Fe-Pd system, a change in structure is observed from BCC α-(Fe,Pd) solid

solution to FCC Pd rich phase. That is related to a process of nucleation and

growth of a new phase [40] that is not observed when the starting alloy and the

resulting nanoporous metal have the same crystal structure and similar lattice185

constants (i.e for example in well-known Au-Ag or Au-Cu systems [10]). In the

latter case, ligament formation can be explained by the surface diffusion of the

more noble element on a rigid lattice that is followed by the adatoms in their dif-

fusion, so that the original crystalline orientation of the grains is retained in the

final ligament network. Still, the dealloying mechanism is much less understood190

for systems where a change of both crystalline structure and lattice constant

is observed during dealloying. When a change in structure is acting, the more

noble adatoms (Pd in this case) can nucleate clusters randomly oriented on the

surface that can grow up to the impingement forming very fine nanocrystals.

For Pd the surface mass transfer diffusion coefficient in vacuum is 1.1 · 10−20
195

cm2 · s−1 and much higher is expected at the alloy/electrolyte interfaces with

an increase of four orders of magnitude [13]. Therefore, a high rate of diffusion

is acting during dealloying, which enables the formation of a Pd passivation

layer on the ligaments surface. According to the observed trend of the alloy

stoichiometry (see Fig. 4), it can be seen that the composition remains almost200

unaltered after 90 minutes of dealloying. Therefore, it can be expected that the

passivation layer is already formed at that stage and it was growing in time.

However, in the GIXRD patterns of Fig. 2, the presence of the palladium layer

is recognisable only in the film dealloyed for 120 minutes. Most probably the

thickness of the Pd passivation layer in the film dealloyed for 90 minutes was205

too thin to be detected by GIXRD.

After the film is dealloyed for 120 minutes (see Fig. 1 (c) and (f), t=120

minutes), on the surface is recognizable a network of thin ligaments which di-

mension are in the range (20 ± 5) nm. Accordingly, the surface roughness

increases reaching a value of (6.6 ± 0.4) nm, however, this value represents210

an underestimation because the radius of the AFM tip (which nominal value

provided by the manufacturer is of 35 nm [41]) exceeds the dimension of the
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Figure 2: GIXRD pattern for the dealloyed films at selected times for the angular range

between 40 and 47 degree.

ligaments, hence the images are dominated by the convolution of ligaments pro-

file and tip shape. After 120 minutes the content of iron in the alloy reaches

its minimum, with the final stoichiometry being of Fe52Pd48 (at. %). Never-215

theless, this value represents an average between the Pd-rich passivation layer

and the underlying part of the film, which will contain a lower amount of iron

as compared to the one reported.

3.2. Magnetic characterisation

The evolution of the magnetic properties of the dealloyed films has been220

investigated via vibrating sample magnetometer, recording hysteresis loop at

room temperature both for the in-plane and for the out-of-plane direction, as

shown in Fig. 5 panels (a)-(d). The hysteresis loop for the as-prepared sample,

for the in-plane direction, shows a typical soft magnetic behaviour, with a single
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Figure 3: Evolution (a) of the surface roughness as a function of the dealloying time and (b)

of the ratio between cracks and materials surfaces as a function of the dealloying time.

Figure 4: Evolution of the stoichiometry of the alloy as a function of the dealloying time

irreversible jump of the magnetisation, low coercive field (Hc ' 65 Oe) and a225

high susceptibility at coercive field (χinc =3.08 · 10−5 emu·Oe−1, where the apex

in indicates the in-plane direction). Conversely, along the out-of-plane direction,

the reversal of the magnetisation occurs mainly through reversible mechanism,

requiring a field as high as 12 kOe to reach saturation, as well the susceptibility

at coercive field is almost two orders of magnitude lower of the one for the in-230

plane direction (χoutC = 2.15 · 10−7 emu·Oe−1, where the apex out indicates

for the out of plane direction). Hence, for the as-prepared film, the easy axis
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of magnetisation lies on the film plane, whereas the direction perpendicular to

the film plane represents a hard axis for the magnetisation. The dealloying

process causes an evolution of magnetic properties, such as magnetic moment,235

anisotropy and coercive field, as can be seen in Fig. 6 (a) and (b). From the

data reported in the graph of Fig. 6 (a), it can be seen that the value of the

magnetic moment of the films decreases as the dealloying time increases; after

60 minutes of dealloying, the magnetic moment of the films drops to almost 80

% of its initial value.240

Figure 5: Comparison between the in-plane and out-of-plane hysteresis loops for the (a) as-

prepares film, (b) film dealloyed for 15 minutes, (c) film dealloyed for 30 minutes, (d) film

dealloyed for 60 minutes.

The main mechanism that determines such loss is intrinsic in the dealloying

process, which selectively removes the less noble atoms from the alloys, that in

this particular case are the iron atoms, which give the ferromagnetic behaviours

to the alloy. However, only the depletion of the iron atoms (see Fig. 4) does not
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justify for the 60 % loss of magnetic moment after only 15 minutes of dealloying.245

Indeed, it has to be taken into account that part of the film gets lost during

the process. Considering the ratio between the area of the trenches and the

area of the film, it is possible to estimate the percentage of material loss during

the process, as shown in Fig. 3 (b). With this approach, the material losses

are underestimated, since it takes into account only the surface and not the250

volume of the films. Looking at Fig. 6 (a) it can be noticed that the decrease

of magnetic moment at shorter times is more pronounced as compared to the

one at longer times. This behaviour can be described considering that the onset

of the dealloying process are the grains boundaries, which, as discussed before,

are rich in Fe. Hence, a great part of the Fe gets lost in the first moments of255

the process. Another fact that is evident from the GIXRD pattern of Fig. 2,

is the formation of a palladium-rich phase, which eventually passivates the film

surface preventing further dealloying. The formation of the γ-(Fe,Pd) phase

determines a decrease of the magnetic moment carried by the Fe atoms [42].

The combination of the depletion of the iron atoms, the loss of material and the260

formation of the γ-(Fe,Pd) phase, causes the reduction of the magnetic moment

of the film during the dealloying process. As well the value of the coercive field

is influenced by the dealloying process. From the graph reported in Fig. 6

(a), it can be seen that it reaches a maximum value of Hc ≈ 120 Oe for the

film dealloyed for 30 minutes, afterwards, its value decreases by increasing the265

dealloying time. This trend is determined by the process of grain refinement that

took place as a consequence of the dealloying process [43]. Indeed, as pointed

out in the previous discussion, the preferential sites for the dealloying process

are the grain boundaries. Therefore, the grain dimension decreases during the

dealloying, determining, from the magnetic point of view, an hardening of the270

material. However, this effect of magnetic hardening does not have a monotonic

trend, indeed, the coercive field drops when dealloying the films for more than

30 minutes. The transition from a continuous to a nanoporous system, strongly

influence the magnetic anisotropy of the system. Indeed, looking the loops along

the out-of-plane direction reported in Fig. 5 (a) - (d), it can be seen how the275
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sample, which in its as-prepared state is strongly anisotropic, acquire a more

isotropic behaviour after dealloying. In Fig. 5, a more detailed comparison

Figure 6: Evolution of: (a) the coercive field (in red) and percent loss of magnetic moment

(in red) for the in-plane direction for dealloyed films, (b) the value of the susceptibility at

coercive field for the in-plane (in red) and out-of-plane (in blue) for dealloyed films.

between the in-plane and out-of-plane hysteresis loop of the films dealloyed

at different times is reported. In this regard, another parameter that has been

investigated is the evolution of the susceptibility at coercive field which is shown280

both for the in-plane (χinc ) and for the out-of-plane (χoutc ) direction, which is

reported in Fig.6 (b). As can be seen, by the trend of the χoutc , its value increases

as increasing the dealloying time, meaning that the system is becoming more

and more isotropic. Conversely, the value for the susceptibility at coercive field

for the in-plane direction decreases with time. Nevertheless, the two values get285

closer to each other, underlying once more that the system is acquiring a more

isotropic behaviour, since the two values, for a fully isotropic system coincide.

The films dealloyed at 90 and 120 minutes were not taken into account because

of the reduced intensity of the magnetic moment, which makes the signal of the

probe and of the substrate prevails on the ferromagnetic signal of the films.290

3.3. Surface enhanced Raman scattering

Meso- and nanoporous meta-materials have shown the potentiality to be

used as SERS-active substrates [26]. In particular, to the best of our knowledge,
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there are no studies analysing Pd-rich nanoporous materials as SERS-active sub-

strates, even if the palladium should present harmonic oscillation of conduction295

electron on the surface, which will locally enhance the magnitude of the electric

field, with the consequence to enhance the Raman scattering of several orders of

magnitude. Here, we analysed the presence and evolution of SERS enhancement

Figure 7: Comparison of the SERS response for sample dealloyed in 2M HCl for (a) 30

minutes, (b) 60 minutes and (c) 90 minutes, incubated for 1 hour in a 10−6M ethanol solution

of bipyridine.

for the films dealloyed at different times. Indeed, as seen so far, the superficial

structure of the films evolves as a function of the dealloying time, going from a300

smooth surface to a rough surface with the presence of ligaments and pores. As

probe molecule, we use a standard bipyridine in ethanol solution with different

concentration. Firstly, the effect of different dealloying time on the SERS effect

has been investigated for the detection of a fixed concentration of bipyridine of

10−6 M and the acquired spectra are reported in Fig. 7. The only visible peak,305

that may be ascribed to the bipyridine is the one at 1613 cm−1. Looking at the

spectrum of Fig.7 (b), for the sample dealloyed for 60 minutes, the intensity of
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the peak at 1613 cm−1 increases. Moreover, other peaks (as indicated in the

graph) are appearing in the spectrum. The same consideration can be done

on the spectrum (c) of Fig. 7, relative to the sample dealloyed for 90 minutes.310

Increasing the dealloying time, a broad, monotonic feature appears as a baseline

at lower energies. Interestingly, the morphology of the samples surface becomes

coarser and coarser when dealloying proceeds (Figs. 1 (a) -1 (c)). At the be-

ginning, pores diameter is still below the wavelength of visibile light, meaning

that the last sees the sample as an effective homogeneous medium, whereas315

scattering can occur for heavy dealloyed samples, being the pores several tens

nanometer wide. The increased Raleigh scattering from the excitation laser is

then the origin for baseline here observed. The situation recalls that of nano-

and meso-porous Si [44] as opposed to macro-porous Si [45].

Being the spectrum of the sample dealloyed for 60 minutes the most resolved,320

and the one which presents the higher intensity of the peak at 1613 cm−1, we

proceed to analyse the effect of different concentration of the bipyridine molecule

on the sample dealloyed for 60 minutes. The acquired spectra are shown in Fig.

8. Decreasing the bipyridine concentration of 6 order of magnitude, a noticeable

SERS enhancement is still visible. However, the spectrum becomes almost flat325

for a concentration of 10−14 M. Hence, these kind of substrates are suitable to

detect bipyridine in concentrations as low as 10−12 M.

3.4. Conclusions

Pd-rich nanoporous thin films were fabricated via chemical dealloying from

single phase polycrystalline Fe75Pd25 (at. %) continuous thin films produced330

via confocal sputtering. The master alloy in its as-prepared state is a polycrys-

talline supersaturated solid solution of α-(Fe,Pd) with a body-centered cubic

structure. The dealloying was carried out immersing the films in a 2 molar

aqueous solution of HCl at room temperature for different times. The stoi-

chiometry of the alloy’s decays exponentially in time, showing an asymptotic335

behavior for times longer than 90 minutes, where a stoichiometry of Fe52Pd48 is

reached. The removal of the less noble element generates adatoms of palladium
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Figure 8: Comparison of the SERS response for sample dealloyed for 1 hour, incubated in

different concentration of bipyridine.

on the film surface, which diffuses towards each-others to form clusters which

eventually coalesce forming a passivation layer which hinders the dealloying pro-

cess. The morphology of the films evolves as a function of the dealloying time.340

In its as-prepared state, the films show the presence of fractures on the surface,

ascribable to the presence of residual stresses. Those trenches, which coincide

as well with grain boundaries, represent a preferential on-set for the dealloying

process. The evolution in time of the magnetic properties of the film has been

investigated at room temperature for the in-plane and out-of-plane direction of345

the magnetic field. The film, in its as-prepared state is characterized by a soft

magnetic behavior and a strong anisotropy, with the easy axes of magnetiza-

tion lying on the film plane. During dealloying, iron atoms are removed from

the alloy, hence the magnetic moment of the film decreases during the dealloy-

ing. Contemporary, the crystalline grains, undergo a refinement process that350

influences the coercive field which increases at short dealloying times and then
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decreases again for longer dealloying times. Evolving from a continuous towards

a nanostructured system, as well the magnetic anisotropy gets influenced by the

dealloying process, which confers to the film a more isotropic behavior. Finally,

films dealloyed at different times were investigated as surface-enhanced Raman355

spectroscopy substrates, using bipyridine as a probe molecule. The as-prepared

film does not show any SERS effect, while dealloyed films show an enhancement

in the Raman signal related to the bipyridine. The higher enhancement has

been found for the sample dealloyed for 60 minutes. Most probably, in this

case, the dimension of the palladium clusters formed on the surface determines360

the proper spatial confinement which generates surface plasmons which in turn

determine the enhancement of the Raman signal.
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