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Abstract Electrodeposition of thin films and nanowires

Ni–Fe alloys is presented. For the thin films, we have

studied the impact of various electrolytic conditions

(magnetic induction, pH, and substrate) on the composition

and magnetic susceptibility. Whatever the electrolytic

conditions, the evolution of the composition versus the

polarization exhibited first a decrease of the Ni content

within the deposit followed by an increase. However, at

constant polarization, the obtained values were different.

Concerning the evolution of the magnetic susceptibility

versus the composition, it is known that it decreases with

the enhancement of the Ni percentage. The reason is that

the susceptibility of iron is higher than that of Ni. It can

also observe a sharp rupture in the evolution of magnetic

susceptibility, which appeared near the Invar composition

(Ni36Fe64). Our results show that the electrolytic conditions

do not affect the position of the rupture point for the thin

films but modify the susceptibility values. For the nano-

wires, a polycarbonate membrane has been used as a

template. The structural characteristics of wires were

examined using X-ray diffraction. According to the com-

position and as described in the literature for the electro-

deposited thin films, a change between the body-centered

cubic structure and face-centered cubic structure was

obtained for the nanowires. However, for the nanowires

this modification appeared for a lower Ni content than for

this in thin films. Finally, a comparison of their magnetic

susceptibility with thin films exhibited a shift toward the

lower Ni contents for the rupture point.

Introduction

Ni–Fe alloys have been intensively investigated during the

last decade for their unique physical properties. Because

of its similarity to the Invar (Ni36Fe64), this system has

generated many attentions due to his anomalous thermal

expansion. Report that for this atomic composition, a

change of the crystal structure (from bcc for the Fe-rich

alloys to fcc for the systems with higher Ni concentration)

appears [1–5]. Point out that the magnetic susceptibility of

these alloys decreases with the increase of Ni content. It is

caused by higher susceptibility of iron than nickel. How-

ever, a sharp rupture in the evolution of magnetic sus-

ceptibility has been observed near the Invar composition

[3, 5]. These results show a large difference according to

the elaboration method. Crangle and Hallam [3] have

obtained 30% atomic Ni for casting alloys and Ueda and

Takahashi [5] have obtained 45% atomic for electrode-

posited ones.

The alloy preparation by physical or metallurgical

methods presents the advantage of a fine composition

control but with a high production cost. Therefore, due

to the low fabrication costs, great purity of the deposits,

and large choice of the piece shapes, the electrodepos-

ition technique was often favored to prepare many

systems. According to Brenner [6], the electrodeposition

of Ni–Fe alloys is classified as anomalous, because the

less-noble metal (iron) is deposited preferentially. So,

many investigations have been achieved in this way

[7–12].

Because properties of Ni–Fe electrodeposited alloys are

affected by number of factors, and investigations have

been carrying out on the electrodeposition conditions as

follows: electrolyte composition, pH, polarization, con-

vection, magnetic field superimposition, additional agent,
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etc [13–21]. Some authors have studied the influences on

the morphology and have noted that the grains size of the

materials was strongly depending on the iron amount

inside the Ni–Fe codeposit [14, 22–24]. A correlation

with hardness and internal stress in the deposits has been

also studied [24, 25]. Lewis et al. [26] were interested in

the role of the substrate in the development of the Ni–Fe

alloys deposits structure. More recently, the fabrication of

magnetic nanowires arrays has become a subject of study

for both their fundamental science and potential applica-

tions (high-density magnetic recording [27], nanoelec-

trodes, or sensors [28, 29]). Many types of magnetic

nanowire arrays have been investigated (metal, alloys, or

multi-layer structure) [30], with different techniques such

as nanolithography [31], vapor–liquid–solid growth, and

electrodeposition [32]. Similar to the thin films, the elec-

trodeposition is an easy and simple technique to elaborate

nanowires with a large scale of diameter and length. In

this method, thin wires are electrodeposited into nano-

meter-wide cylindric pores of a porous material. Molecu-

lar sieves [33], track-etched polymer membranes [32, 34],

and porous anodic alumites [35] are some representative

templates.

For Ni–Fe nanowires, most of the investigations had

concerned the magnetic properties study versus electrode-

position parameters or template parameters such as pore

diameter, length, or templates nature. Aravamudhan et al.

[36] have shown that the application of magnetic field

during deposition strongly influences on the crystallo-

graphic and magnetic properties of the Ni–Fe nanowires.

In this article, we report the elaboration of thin films and

nanowires under different conditions. A study of their

composition, structure, and magnetic susceptibility versus

electrodeposited parameters is presented.

Experimental methods

The electrolyte baths have been prepared with deionized

water, and used chemical products were high purity

reagents. To obtain a good deposit quality and to reach all

the research composition range for our Ni–Fe alloys, we

had to investigate various plating baths. The metallic salts

which were used were a combination of NiSO4�6H2O

and FeSO4�7H2O, with concentrations between 0.015

and 0.2 mol L-1. KCl (0.5 mol L-1) and boric acid

(0.4 mol L-1) were used as a supporting electrolyte or to

maintain the solution in acid pH. According to the exper-

iments, the pH was adjusted to 3 or 3.8 by sulfuric

acid addition. Finally, saccharin and L-ascorbic acid

(0.05 mol L-1) were added to reduce deposit stress and to

minimize Fe2? oxidation.

The electrodeposition was carried out in a cylindrical

cell with circulating thermostated water maintained at

30 �C. The solution was stirred during electrodeposition.

Electrochemical experiments were conducted with a

Tacussel potensiostat–galvanostat PGZ 301. Some experi-

ments were performed under uniform magnetic field

superimposition. For that, the electrochemical cell was put

into the gap of an electromagnet (Drusch EAM 20G), and

the horizontal electrode surface was kept parallel to the

magnetic field.

The plating system was based on a classical three-elec-

trode device (Fig. 1). The reference electrode was a com-

mercial saturated mercury sulfate electrode (SSE), and the

counter electrode was a nickel plate. The working electrode

(0.2 cm2) was either a copper or a tin substrate for the thin

films and a polycarbonate membrane (Watmann) with a

random distribution of nanometric pores for the nano-

wires (pore diameter = 200 nm; thickness = 10 lm; and

Fig. 1 a Schematics of the

electrochemical apparatus. WE
working electrode

[polycarbonate membrane (for

nanowires electrodeposition)

and Cu or Sn substrate (for thin

films)]; RE reference electrode

(SSE); CE counter electrode

(Pt); V voltmeter. b Top view of

the global working electrode.

c Detailed view of the

polycarbonate membrane
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pore density = 3.108 pores cm-2). For the last one, met-

allization of one side of the membrane was necessary to

ensure electric contact (400 nm evaporated gold by physi-

cal vapor deposition). Before electrolysis, the working

electrode was immersed into electrolyte for about 30 min to

obtain a good wettability of the membrane pores.

The samples morphology was characterized by a JEOL

JSM 6460LA scanning electron microscopy (SEM). Before

analysis, the nanowires were released by dissolving the

membrane in distilled CH2Cl2. The chemical composition

was determined by dispersive energy of X-ray spectroscopy

(EDXS) or by the ICP-AES technique (Varian-spectrome-

ter). For this last method, the deposit and the substrate were

dissolved by oxidation in nitric acid before analysis. Several

identical specimens were plated for each operating condi-

tions to ensure a good reproducibility. The crystal structure

of nanowires embedded in the polycarbonate was deter-

mined by X-ray diffraction with a D8 ADVANCE from

BRUCKER using CuKa radiation (kCuKa = 1.54056 Å) to

the perpendicular direction of the nanowires. The magnetic

susceptibility measurements have been obtained using a

home-made Gouy balance with the relationship (1):

v a:u:ð Þ ¼ c � mB � mB¼0ð Þ=m ð1Þ

where v is the magnetic susceptibility in arbitrary unit, c is

a constant, mB is the read deposit mass in the presence of

magnetic field, mB = 0 is the read deposit mass without

magnetic field, and m is the real deposit mass.

Results and discussion

Thin films

Electrochemical study

Whatever the experimental conditions, the current density–

potential curves exhibit the same appearance. In all cases,

Ni or Fe cannot be plated alone, and the presence of

hydrogen co-reduction masks the limiting current diffu-

sion. Some shifts can be seen on the current values versus

pH or in the presence of magnetic field (B) (Fig. 2). These

differences are due to the competition between the

adsorption of Ni2?, Fe2?, and H? which could be modified

by a presence of convection in the presence of magnetic

field or by a different H? quantities.

Figure 3 shows nickel content in the deposits versus

applied current density (with the same conditions as

Fig. 2). Whatever the experimental conditions, the curves

present a decrease following by an increase of the Ni

content revealing the presence of a competition between

the kinetic reduction of nickel, iron, and hydrogen [21].

However, at constant polarization, the obtained Ni atomic

percentage differs with the pH value (Fig. 2a) or the

presence or absence of magnetic induction during the

electrolysis (Fig. 2b). These phenomena are principally due

to the competition of the Ni2? and Fe2? adsorption

according to the electrolytic conditions [6].

Point out that these curves are relatively important to

choose the electrodeposition parameters and show that two

different current densities may give the same alloy

composition.

Fig. 2 Current density–potential curve for Ni–Fe systems a tin

substrate, pH = 3.8, B = 0 T, b tin substrate, B = 0 T with either

pH = 3 or 3.8, and c tin substrate, pH = 3.8, with either B = 0 or

1 T
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Magnetic susceptibility study

A study of the magnetic susceptibility versus nickel content

has been made for different electrolytic conditions (pH,

magnetic field, and substrate).

Some examples of magnetic susceptibility per mass unit

(measured at room temperature) are plotted versus Ni–Fe

deposits composition in Fig. 4. For each curve, we observe

a rupture of the magnetic susceptibility that is reported in

Table 1. The zone for the magnetic susceptibility drop is

almost the same whatever our electrodeposition conditions

and appears for a nickel content near 40%. Those results

are in good concordance with Uedas’ values, who obtained

the break for 45% atomic Ni with electrodeposited mate-

rials [5]. The general aspect of the magnetic susceptibility

curves was not modified by electrolytic parameters but the

values of magnetic susceptibility depended strongly from

them (at constant composition, we obtained different

magnetic susceptibility values) and was in good concor-

dance with Ueda’s results. The last one finds a body-cen-

tered cubic structure (bcc) before the drop magnetic zone

and a face-centered cubic structure (fcc) after this one.

Finally, SEM observations were achieved for thin film

(Fig. 5). All deposits surfaces obtained near the zone of the

magnetization rupture (*35–45% atomic Ni) present a

cracked surface with fines grains (Fig. 5a and b). This

could be correlated to the internal stresses inside the

deposits because of the mixture between bcc and fcc.

Samples with composition inferior to 35% atomic Ni and

superior to 45% atomic Ni present surface with higher

grains sizes. This phenomenon is more accentuated with

the higher nickel content (Fig. 5c and d).

Nanowires

Electrochemical study

Figure 6 shows a typical voltammogram for Ni–Fe elec-

trolysis inside a polycarbonate membrane. This curve

exhibits that no defined diffusion current can be obtained

due to the presence of hydrogen co-reduction. Point out the

two particularly points (noted ‘‘a’’ and ‘‘b’’) in this curve.

The presence of the point ‘‘a’’ will be explained later. The

sudden increase of the cathodic current for the point ‘‘b’’

does not correspond to the hydrogen reduction apparition,

but to an increase of the active surface of the working

Fig. 3 Nickel atomic content

versus current density a tin

substrate, B = 0 T, with either

pH = 3 or 3.8 and b tin

substrate, pH = 3.8, with either

B = 0 or 1 T

Fig. 4 Magnetic susceptibility

(arbitrary unit) versus nickel

content a copper substrate,

B = 0 T with either pH = 3 or

3.8 and b tin substrate,

pH = 3.8 with either B = 0 or

1 T

Table 1 Magnetic susceptibility values at the rupture point versus

experimental conditions

Substrate pH Magnetic induction (T) % Ni at the top

Thin films

Sn 3.8 0 40

Cu 3 0 38

Sn 3.8 1 40

Cu 3.8 0 42

Nanowires 3 0 32
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electrode when the deposit overflows the membrane. The

potential of this point is connected to the speed of scan-

ning. If the scanning is faster, potential is becoming more

negative. This is due to a smaller membrane filling in time

unit.

On the Fig. 7, we are showing the evolution of the Ni–

Fe current reduction at a fixed potential when electrolyze

was carried out inside a membrane. Three parts could be

noted. In the first one noted A, the current intensity is

relatively constant. This part corresponds to the 1D pore-

filling procedure. Point out that during the very first sec-

onds of the part A, the current intensity evolves rapidly due

to the diffusion phenomenon. The zone B corresponds to

the evolution of the active surface of the deposit when this

one overflows the membrane (corresponding to the 3D

growth). The cathodic current increases as soon as the

pores of the membrane are filled. Finally, when entire

deposit covered the membrane, the current stabilizes again

(zone C).

Figure 8 presents the top view of membrane versus time

for an applied potential equal to -1500 mV/SSE. In the

zone A, we observe holes, corresponding to the pore of the

membrane which is no filled. Point out the presence of a

Fig. 5 SEM image of Ni–Fe

alloys, a and b Sn substrate,

pH = 3, 35% atomic Ni; c Sn

substrate, pH = 3, 23% atomic

Ni; and d Sn substrate, pH = 3,

60% atomic Ni

Fig. 6 Current density–potential curve for Ni (0.1 mol L-1) and Fe

(0.1 mol L-1) system. Conditions: pH = 3, scanning rate =

2 mV s-1

Time

C
at

ho
di

c 
cu

rr
en

t i
nt

en
si

ty

Fig. 7 Schematic current intensity–time curve during template

process. The black part corresponds to the deposit evolution
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discontinuity at approximately 200 s (zone A) attributed to

a rapid change in both size and shape of the diffusion layers

[37]. At the beginning of the zone B, we detected some

nodules corresponding to the overflows of the membrane’s

pore. At the end of this zone, the surface is totally covered.

In our opinion that these changes in the diffusion layer are

at the origin of the particular point noted ‘‘a’’ on the Fig. 6.

In Fig. 9, we exhibit SEM pictures for cross-section

membranes associated with their EDX profiles. This tech-

nique allows us to observe the nanowires inside the tem-

plates. In the Fig. 9a, the pores do not reach the top of the

membrane. This specimen corresponds to the region A

from Figs. 7 and 8. The zone noted number 1 shows the

difference between the end of nanowires and the top of the

membrane. The EDX analyze (Fig. 9) indicates the pres-

ence of Au, Ni, Fe, and C. The presence of gold comes

from the gold film deposited for the membrane metalliza-

tion. Nickel and iron come from the deposit and carbon is

due to the polycarbonate membrane. As no deposit is

present in the zone 1, only carbon can be detected by EDX.

In the Fig. 9b, pores are totally filled. We can note that Ni

and Fe overflow the membrane’s pores. That is character-

ized by the zone noted number 2 (region B from Figs. 7

and 8).

Structure study

After dissolution the membrane in CH2Cl2, the nanowires

were aggregated together in a bunch (Fig. 10). The nano-

wires are relatively straight and long resulting in a large

surface-to-volume ratio. Their diameters are in range

between 300 and 350 nm corresponding to a larger more

than 60% of the nominal diameter. This fact could be

explained by an expansion of the pores during electrode-

position. We noted that nanowires do not have a perfect

uniform diameter along the entire axis. This fact was

always reported by Motoyama et al. [38], who have made

the same observations for Cu and Ni nanowires. Moreover,

some little excrescences perpendicular to the nanowire axis

(Fig. 10b) could be observed. All of these observations are

due to the presence of the defect inside the polycarbonate

membranes.

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
0 100 200 300 400

t (s)
C

u
rr

en
td

en
si

ty
(m

A
/A

A
cm

2 )

Fig. 8 Current density versus time coupled with SEM picture of

membranes (top view) Ni (0.1 mol L-1), Fe (0.1 mol L-1), pH = 3,

E = -1500 V/SSE

C

Fe

Ni

Au

2

(a) (b)

Fig. 9 SEM microphotography

for membrane cross section with

their associated EDX profile.

a Zone A from Figs. 7 and 8

and b Zone B from Figs. 7 and

8. Bath: Ni (0.1 mol L-1), Fe

(0.1 mol L-1), pH = 3,

E = -1500 V/SSE
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The Fig. 11 represents the evolution of crystalline struc-

ture for different compositions of electrodeposited Ni–Fe

nanowires embedded in the polycarbonate membrane. All

analyzed samples were electrodeposited until the end of the

zone A (Figs. 7 and 8). For low nickel content, the nanowires

exhibit a bcc structure with a (110) texture. When the Ni

content becomes larger ([24%), a mixture between bcc and

fcc structure appears. Then, for higher Ni content ([42%),

the alloy exhibits a fcc structure with a (111) growth orien-

tation and a significant (200) reflexion. Grimmett et al. [39]

have already reported for thin films that the crystalline

phases (fcc, bcc, and mixed fcc ? bcc) in the electrode-

posited alloys depend from alloy composition. Leith et al.

[40] have found a phase transition zone between 40 and 50%

atomic Ni. For the thin Ni–Fe alloys films, Ueda and

Takahashi [5] have shown that the evolution of the region,

which formed a phase (bcc) in the film was different from

that of the bulk. In our case, for the nanowires, the transition

zone seems to move toward less nickel contents.

Magnetic susceptibility study

Similar to the thin films, we have also studied the magnetic

susceptibility of our nanowires versus nickel content. The

Fig. 12 exhibits the comparison between nanowires and

thin films obtained in the same conditions. The same

behavior is always observed, but this time, the rupture of

the magnetic susceptibility appears for lower nickel con-

tent. Point out that this shift is in good accordance with this

for the structure change for nanowires.

Fig. 10 SEM microphotography of the Ni–Fe nanowires arrays after membrane dissolution Bath: Ni (0.2 mol L-1), Fe (0.06 mol L-1), pH = 3,

E = -1500 V/SSE

42 44 46 48 50 52 54

BCC

FCC

% mol Ni(200)(111
(110)

Fig. 11 XRD diffraction patterns of the Ni–Fe nanowires embedded

in the membranes

Fig. 12 Magnetic susceptibility

(arbitrary unit) versus nickel

atomic content in pH = 3, thin

film and nanowires
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Conclusion

These investigations based on the electrodeposition process

of Ni–Fe alloys under different conditions have confirmed

changes in the structure and the rupture of the magnetic

evolution versus the nickel content for a composition close

to Invar alloy.

The pH modification, substrate change, and presence of

the magnetic induction during the electrolysis do not affect

the rupture point for the magnetic susceptibility. Only

modifications of their individual values were observed.

Concerning the nanowires, we have pointed out that

their behaviors are the same as for the thin films. However,

the structure change and rupture point of the magnetic

susceptibility appear for lower nickel content.

Finally, for the extension of this study, the next chal-

lenge will be now to analyze the anomalous thermal

expansion of the nanowires in this special zone of change.
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