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Nickel-Decorated Silver Nanowires for Polymer-Based

Magnetoelectric Composite

Baptiste Martin, Eric Dantras,* Antoine Lonjon, Lydia Laffont, and Colette Lacabanne

Polymer-based magnetoelectric composites are processed with an intrinsic
piezoelectric poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE)) matrix
and high-aspect-ratio magnetic nickel-decorated silver nanowires. These core/
shell wires are obtained by the polyol reduction of Ni*" ions on high-aspect-ratio
silver nanowires. Scanning electron microscopy and transmission electron
microscopy analyses show a homogeneous and well-crystallized nickel layer.
Magnetic properties of the intrinsic particles and their composites are measured
and show a strong enhancement of the coercive field compared to spherical Ni
nanopowders. They also show the existence of strong magnetic anisotropy in the
composites. The composites processed with a small amount of metallic particles
(0.3 vol%) allow the maintaining of the P(VDF-TrFE) crystalline phase and the
ability of a macroscopic polarization. The latter is conducted under a 80 MV m
field, leading to a significant ds3 (3.2 pC N'). Thus, the magnetoelectric prop-
erties are analyzed and an important coupling coefficient apye equal to

1.8Vm '0Oe ! is measured.

1. Introduction

Among physical couplings, magnetoelectricity takes a special
place. Despite the fact that its theory was formulated in crystals
by Pierre Curie in 1894, it is one of the couplings that
depend mostly on the realization of composites for their appli-
cations. The first experimental results on intrinsic magneto-
electric materials were only made in 1961 by Astrov ! in
chromium oxide at very low temperature. The major advance
that opened the door for large applications was the idea of the
extrinsic magnetoelectric effect by mixing a piezoelectric and a
ferromagnetic material.”! The principle is based on the disper-
sion of magnetic particles such as ferrites in a piezoelectric
matrix such as BaTiO;.*®! Discovery of polymeric
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piezoelectric materials allowed new pos-
sibilities for magnetoelectric composites
in terms of processing. The principle
remains the same but instead of a brittle
inorganic matrix, a resilient polymer is
used. The most common piezoelectric
polymers are linear fluorinated polymer
B-PVDF and poly(vinylidenefluoride-co-
trifluoroethylene) (P(VDF-TrFE)) because
of their excellent piezoelectric coeffi-
cients. These polymers have shown their
interest through many applications such
as energy harvesting,® piezoelectricity,”’
sensors,®! actuators, and high-frequency
devices. Among these applications, mag-
netoelectricity has taken an important
place through the fabrication of hybrid
composites.”! Thus, Nan et al. made
the first polymer-based magnetoelectric
composites!’? by dispersing magnetic
particles of Terfenol-D in p-PVDF.
Previous studies have shown the preeminent role of magnetic
particles in enhancing magnetoelectric coupling through
enhanced magnetic properties. Consequently, different fer-
rites such as NiFe,0,* Fe;0,,1* CoFe,0,, and
MnFe,0,'% have been studied. Some authors have also
reported a magnetoelectric coupling with nickel particles in
P(VDF-TTFE)"” and in three-phased magnetoelectric compo-
sites."®% In comparison with ferrites, nickel exhibits higher
remnant magnetization at ambient temperature, which can be
interesting to improve the magnetoelectric coupling in the
composites. The main drawback of using metal instead of
ceramics is the increase of the conductivity; it makes the pol-
ing of the matrix harder and then decreases the piezoelectric
coefficient (ds3), especially for P(VDE-TrFE), which displays a
high poling field 70 MV m™". In contrast, it has been widely
shown that metallic magnetic particles exhibit enhanced mag-
netic properties depending on their shape.?>?!! As widely
reported in the literature, nickel appears to be a good candidate
as it can be processed with various morphologies, such as
wires and dumbbells.!**>*3! One of the key factors is the aspect
ratio . Thus, some works have been led by electrodeposited
nickel nanowires (Ni NWs with £ = 250%*) showing enhanced
magnetic properties. Very good results have been shown but
with an important process drawback: The reduction synthesis
does not allow an important amount of Ni NWs.
Independently, we mastered an easier process to synthesize
a large amount of high-& silver wires (Ag NWs,
£~ 250).12>2% To combine the large amount of high-¢ silver
wires and the good magnetic properties of nickel, we present
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here a polyol route to decorate silver nanowires with nickel.
The final aim of this work is to produce a high amount of
high-aspect-ratio nickel-decorated silver nanowires for the
fabrication of polymer-based magnetoelectric composites
and study the influence of the morphology over the magneto-
electric coupling. The Ag NWs decoration step was conducted
thanks to the polyol reduction of nickel. It allowed producing
important amounts of decorated Ag@Ni NWs. The decorated
wires were then processed in an intrinsic piezoelectric P(VDEF-
TrFE) matrix to obtain a magnetoelectric composite. Here we
present the magnetic filler fabrication, its morphological and
structural characterization obtained by microscopy. The com-
posite structural analysis was conducted; the crystalline
amount and the piezoelectric properties were determined.
Magnetic and magnetoelectric properties were finally
measured to check the influence of aspect ratio over
magnetization.

2. Experimental Section

2.1. Materials

Poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE) was
chosen for its intrinsic piezoelectric properties coupled with
its easy processing and good resilience. The P(VDF-TrFE) used
in this study showed a ratio VDF/TrFE of 70/30. It was provided
by Piezotech as a powder. Nickel spherical particles (Ni NPs) with
a mean size of 3 um were provided by Aldrich. Silver nanowires
were produced according to previous works.”>??! They were
washed to eliminate all surface PVP residue and dispersed in
1,2 butanediol. Nickel ions came from hydrated acetate
Ni(CH3COO),.4H,0. It was dissolved in 1,2 butanediol,
which also acted as reducer. Hydroxyl ions were introduced
by an aqueous solution. All chemicals were provided by
Aldrich. The materials were used in their as-received state.

2.2. Silver Wire Decoration

Typically, 100 mg of clean silver wires (Figure 1) was dispersed in
20 mL of 1,2 butanediol. Separately, 1 g of nickel acetate was dis-
solved in 30 mL of 1,2 butanediol with 0.1 mol of NaOH o) under
magnetic agitation at 800 rpm at 353 K. Once dissolution was
complete, the two solutions were mixed together in an ultrasonic
bath to homogenize the suspension. This suspension was then
put in a round bottom flask immerged in an oil bath. It was
heated up to 453 K for 45 min with soft mechanical agitation.

Figure 1. SEM images of pure AgNWs before decoration.

At the end of the nickel reduction, the suspension was filtered
and the wires were washed in butanol, ethanol, water, and
acetone to remove the polyol residue.

Magnetic decantation was used to remove nonmagnetic
particles and wires. The nickel-decorated silver nanowires (labeled
“Ag@Ni NWs” on the model of core@shell nomenclature) were
observed with scanning electron microscopy (SEM) to determine
their aspect ratio. Energy dispersive X-ray spectroscopy (EDS)
was used to confirm the presence of nickel over the Ag NWs.

2.3. Composite Processing

Composites were prepared using the solvent-casting method.
The typical protocol for the composite processing is as follows:
P(VDF-TrFE) powder was dissolved in acetone at 343 K while
Ag@Ni NWs were also dispersed in acetone in a separated con-
tainer. The wire suspension was sonicated to avoid aggregation.
The mixtures of the dissolved matrix and metallic wires were
mixed together and submitted to ultrasonic agitation for 2 min
to produce a homogeneous mixture. The mixture was then
quickly precipitated in water to obtain the composite. The precip-
itate composite was then hot pressed under 1 MPa at 495 K to get
films with a thickness of around 100 pm.

2.4. Microscopy Characterization

SEM combined with EDS was performed on particles to
determine their morphology and chemical composition.
Composites were also observed to evaluate the nanowire disper-
sion in the matrix. The scanning electron microscope used was a
JEOL 7800 Prime coupled with an EDS detector SDD X-Max
80 mm? Oxford Instruments. Observations were performed
using secondary electrons mode on an aluminum plot where
particles were deposited. To determine the microstructure and
structure of these particles, transmission electron microscopy
(TEM) imaging was performed using a JEOL JEM 2100 F oper-
ated at 200kV equipped with an EDS analyzer (Brucker SDD
Xflash 5030). Diffraction patterns were recorded using selected
area electron diffraction (SAED) mode with a 150 nm aperture or
a digital diffraction pattern obtained by fast Fourier transform
(FFT) of high-resolution TEM (HRTEM) images.

2.5. Dynamic Scanning Calorimetry

The physical structure of the composite was studied by calorim-
etry. The measurements were made in a Thermal Analysis DSC




2920 with a heating ramp of 20 K min~" from 353 to 443 K. The
crystallinity ratio was calculated with the following equation

BT S .
with X, the crystallinity ratio in percentage, and AH,, the
theoretical value of a theoretical 100% crystallized polymer.
In the case of P(VDF-TrFE) AH,, is equal to 91.45 ] g~'. AHc is
the enthalpy associated with the Curie transition and AH,, is the
energy associated with the melting of the crystal.

2.6. Poling Protocol and Piezoelectric Properties

Getting a macroscopic piezoelectricity in composites requires a
preliminary poling step. A unidirectional AC electrical field with
a sinusoidal shape at 0.1 Hz was applied to the sample placed in
castor oil to avoid breakdown. The AC field was slowly increased
to 80 MV m ™' and maintained for 5min. The ds3 piezoelectric
coefficient measurements were conducted 24 h after the polari-
zation step to dissipate surface electric charges. The piezoelectric
coefficient was measured by a PM 200 piezometer supplied by
Piezotest UK. Frequency and stress were set at 110 Hz and
0.25 N, respectively. The stress was applied to the sample in
the same direction as the poling field; the polarization was mea-
sured to get the d3; coefficient.

2.7. Magnetic Property Measurements

Magnetization was measured with a SQUID magnetometer. This
technique allows a precision of 1% on the magnetization value.
Hysteresis loops were recorded between —5 and 5 T to reach mag-
netic saturation. These measurements were conducted on raw
Ag@Ni wires, commercial nickel nanopowders (Ni NPs), and
2vol% P(VDF-TrFE)/Ag@Ni NWs and P(VDF-TrFE)/Ni NPs
composites. The magnetization was recorded along and across
the surface of the composites to observe the magnetic anisotropy.

2.8. Magnetoelectric Measurements

The magnetoelectric properties were analyzed through magneto-
electric current (Iyyg) measurement. To generate such a current,
the samples were placed under an alternative magnetic field
(Hac) and a static magnetic field (Hpc). The Hac was generated
by two Helmholtz coils and supplied by an Agilent signal

supplier link to an audio amplifier. Thus, it allowed controlling
of the shape, the frequency, and the intensity of Hac. In this
study, ME properties were measured as a function of Hxc inten-
sity with a sinusoidal signal at 1kHz frequency. Samples were
thin film shaped with a thickness of 200 pm. Their surfaces were
metalized to avoid contact resistivity. Under the magnetic field,
the current generated by the sample was measured by a lock-in
amplifier. The magnetic field generated by the Helmholtz coils
was measured by a Hall sensor. This measurement permits
calculating the ME coefficient ayg using ME theory.* It is
obtained with the following equations

ap = ME 2

= @
a

QME = P (3)
Eor

with ap the polarization coefficient, ayp the magnetoelectric
coupling coefficient, S the surface of the composite, @ the field
frequency, Hac the field intensity, and ¢, the relative permittivity
of the composite.

3. Results and Discussion

3.1. Ag@Ni NWs Properties

3.1.1. Ag@Ni NWs Morphology and Composition

The morphology and aspect ratio of decorated wires were studied
by SEM using secondary electron detection mode. The observa-
tions are shown subsequently (Figure 2) with two different mag-
nifications. The SEM images display wires with homogeneous
thickness (=200 nm). They also show the existence of pseudocu-
bic nodules on the Ag wire surface. At higher magnification, it is
clear that the wire surface has been modified as it seems rougher
than previously. This roughness is linked with the reduction of
nickel ions on the silver surface. Nevertheless, we observe poly-
hedral nodules on several wires. As these nodules do not exist on
the raw silver wires, they are probably made of nickel.
Crystalline defaults on the wires’ surface are responsible for
the nodule formation. These defaults act as preferential growth
sites for the nickel. EDS measurements were conducted to
determine the chemical composition of the wires (Figure 3).
As shown by EDS, nickel is clearly present on the wires.
The aluminum peak is due to the support. The Ag@Ni NWs’

Figure 2. SEM images of Ag@Ni NWs.
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Figure 3. EDS spectrum of Ag@Ni NWs.

Figure 4. SEM cryocut of P(VDF-TrFE) /Ag@Ni NW's 0.3 vol% composite.

nanotexture was extensively studied by TEM. The wire dispersion
in the matrix has also been observed (Figure 4). The film was
previously cryocut in liquid nitrogen. The SEM micrograph
clearly shows the homogeneity of the dispersion. It also shows
that the process did not damage the wire’s morphology.

3.1.2. Ag@Ni NWs Surface and Texture Analysis

The structure and texture of Ag@Ni NWs have been determined
by TEM and HRTEM to characterize the surface layer of the
Ag@Ni NWs. First, bright- (BF) and dark-field (DF) images

Figure 5. BF (left) and DF (right) images obtained on Ag@Ni NWs com-
bined with the SAED pattern obtained of the surface layer.

(Figure 5) were performed. The DF image was obtained using
one diffracted spot (red circle) of the SAED pattern obtained
on the surface layer of the wire. These DFs highlight the Ni sur-
face layer of the Ag@Ni NWs, which is homogeneous all along
the wire. EDS analysis (not shown here) also confirms the nickel
composition of the surface layer. The wire exhibits width from
250 and 300 nm. These wires can present cubic nodules at the
surface. The formation of such nodules can be explained by
the existence of crystal defaults in the Ag NWs. These defaults
play the role of preferential reduction sites leading to the forma-
tion of a bigger nickel crystal. Clear thin filaments are also
observed, particularly in the DF image as they appear white.
Such things have already been observed on electrodeposited
nickel nanowires.””**) These filaments are made of NiO and
are caused by nickel passivation.

Moreover, the structure of the Ag@Ni NWs was also
determined by the SAED pattern (Figure 6). The SAED pattern
confirms that the surface of the wire is composed of metallic
nickel (Fm-3 m, a = 3.6150 A) and the interior is made of metal-
lic silver (Fm-3m, a =4.170 A).

In this crystalline phase, nickel is ferromagnetic; then we can
expect that these wires have good ferromagnetic properties. We
can also note that the Ag crystalline structure is not affected by the
presence of the nickel layer. To accurately determine the structure
of the surface layer, HRTEM was performed combined with two
FFTs (one at the extreme surface) (Figure 7). The FFT of the
extreme surface shows the existence of a passivation layer made
of NiO. It was already observed on nanochains obtained by polyol
reduction.®® The layer thickness is around 10 nm, which is con-
sistent with the previous observation on nickel particles.

3.2. Magnetic Properties

3.2.1. Particles Properties

Magnetic properties of Ag@Ni NWs were measured in a SQUID
magnetometer at four isotherms 2, 100, 300, and 400K.
Magnetic hysteresis cycles were recorded between —5 and 5T
for the four isotherms. The different cycles are reported subse-
quently (Figure 8).

Independently from temperature, magnetization describes hys-
teresis loops specific to a ferromagnetic compound. This ferromag-
netism is due to the deposed nickel layer despite its low thickness.
Magnetization at saturation (Ms) is 16 emu g~ * at 2 K, which is less
than the typical value of nickel particles.”"! This lower value is the
consequence of the silver core and the low amount of nickel regard-
ing the entire particles. For the same reason, remnant magnetiza-
tion (M,) is also lower than that of nickel particles.

Nevertheless, the Hc values are much higher than the spheri-
cal particle one. This enhancement can be explained by two fac-
tors. First, the nickel forms a shell around the silver wire, which
means that it is a thin film of nickel over a silver core. Thus, this
thin-film geometry generates crystalline anisotropy that creates a
preferential orientation of the magnetic moment in the nickel
layer. Second, the high aspect ratio of the wires also plays an
important role in the creation of shape anisotropy. Such anisot-
ropy makes the magnetic moments’ orientation easier along the
wires, making the moments’ reversal harder.
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Figure 6. BF TEM image of the Ag@Ni NWs combined with the SAED pattern (the white circle corresponds to the area selected to perform the SAED).
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Figure 7. HRTEM image of the surface layer of the Ag@Ni NW's combined
with two FFTs.

3.2.2. Composites’ Properties

The magnetic properties of P(VDF-TrFE)/Ni NPs and P(VDF-
TrFE)/Ag@Ni NWs were measured along and across the film.
Figure 9 shows the evolution of magnetization depending on
the applied field in both directions at 300 K.

In both cases, magnetization describes a hysteresis loop
showing a ferromagnetic behavior despite the low amount of fer-
romagnetic particles. In the case of Ni NPs composites, the Hc,
M,, and Mg values are quite similar in the two directions, with
Hc=900e, M, =0.4emug ', and Mg=5emug . In the case
of Ag@Ni NWs composites, we note that the magnetization and
coercive field values are dependent on the measurement direc-
tion. Measuring along the film surface gives us lower values with
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Figure 8. Magnetization cycles for the Ag@Ni NWs at several isotherms.

Hc=1700Oe, M, 0.24 emu gfl, and Mg =2.3 emu gfl, whereas
measuring across the film gives higher Values with Hc = 270 Oe,
M,=0.4emu g, and Mg =2.5 emu g . Thus, it shows clearly
the magnetic properties’ anisotropy. This anisotropy can be
explained by the preferential orientation of the wires along the
composite plan reinforced by the Ag@Ni NWs’ aspect ratio
influence. This orientation is linked to composite processing,
i.e., a hot-press process. This phenomenon associated with the
particles’ aspect ratio has been already observed in the case of
nickel nanochains.?% Due to the silver core, the magnetization
remains lower than that of pure nickel particles. Nevertheless,
the aspect ratio has a strong enhancement effect on Hc. For
spherical particles and the same amount of nickel, the measured
Hec value is 90 Oe.
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Figure 9. Magnetization of P(VDF-TrFE) composites at 300 K in transverse and longitudinal directions.

3.2.3. Temperature Influence

Four isotherms have been conducted and M,/Mg values
have been reported (Figure 10) as a function of temperature
for P(VDF-TrFE)/Ag@Ni NWs and P(VDF-TrFE)/Ni NPs
composites.

A global tendency is observed; M,/Ms decreases as a function
of temperature. The increasing of temperature allows easier
movements of the magnetic moments. Their alignments along
the applied field become harder, which makes the M, lower.
The higher is the temperature, the more the magnetization
decreases. In the case of Ni NPs composites, the values are
low in the two directions. The moments are easier to disorganize
due to the lack of aspect ratio and all the morphology effects.
It is interesting to note that despite its lower magnetization,
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Figure 10. Evolution of M,/M; in P(VDF-TrFE) composites depending
on temperature in longitudinal (hollow symbols) and transverse (full
symbols) directions.

the Ag@Ni NWs composite has the highest value of M,/M;
in both directions. These values remain high despite the temper-
ature increasing. The stability of magnetic properties in temper-
ature can be explained by the core—shell structure and the
particles aspect ratio. In this case, nickel is deposed on silver
wires with an important aspect ratio. It means that there is
important shape anisotropy. The second cause is the magneto-
crystalline anisotropy associated with the fact that nickel is
deposed as a layer. These two phenomena make the disorgani-
zation of the magnetic moments harder and they do not depend
on temperature, explaining the stability of magnetic properties in
the case of the Ag@Ni NWs (Table 1).

3.3. Physical Structure

The crystalline structure of P(VDF-TrFE) plays a major role in its
piezoelectric properties. Thus, it is mandatory to preserve it,
more particularly the crystal proportion in the composites.
The physical structure has been studied by differential scanning
calorimetry at 20 K min~'. Thermograms are shown subse-
quently (Figure 11).

Two thermal events occur on these thermograms. The first
event around 373 K is the Curie transition of the p-VDF phase.
The second event located around 425 K is the melting of the crys-
talline phase. The Curie and melting enthalpies were measured
by integrating the surface under the associated peaks. The crys-
tallinity ratio was calculated thanks to Equation (1). Calorimetric
values for the different samples are reported in Table 2.

Table 1. Magnetic properties of Ag@Ni NWs.

Temperature [K] M, [emug™] Ms [emug™'] M, [Ms [%] Hec [Oe]
2 5.5 16.6 33 444
100 4.4 15 29 315
300 3.8 14.1 27 21
400 3.3 12.9 26 180
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Figure 11. DSC thermograms for P(VDF-TrFE) (red line), P(VDF-TrFE)/

0.3vol% Ni NPs (black line), P(VDF-TrFE)/0.3 vol% Ag@Ni NWs (blue
line).

Table 2. Thermal properties of the different samples (reported values of
melting AH,,, and Curie enthalpies AHc take into account the proportion
of metallic fillers in the composite).

TcKl Tm[K]  AHc AHm e [%]

[mol™] [ mol™]
P(VDF-TrFE) 378.4 4245 20.4 29.4 54.5
P(VDF-TrFE)/0.3% Ni NPs 3753 4242 19.9 28.3 52.7
P(VDF-TrFE)/0.3% Ag@Ni NWs 375.6  423.8 18.9 26.5 49.7

The metallic particle dispersion leads to a small decrease of the
melting temperature (T,,), Curie temperature (I¢), and crystal-
linity ratio (y.) compared to pristine P(VDF-TrFE). This phenom-
enon can be associated with a less organized crystal phase
associated with the Ag@Ni NWs. This observation has been
already reported in the case of electrodeposited Ni NWs.*?
Ty values are similar for the three samples. The stability of this
value shows that the cohesion in crystallites and their mean size
are not affected by the presence of the Ag@Ni NWs at such a
volume content. By keeping the volume fraction in wires low,
the matrix properties are preserved despite a slow decrease of
crystallinity due to metallic particles. Thus, the potentiality of
good piezoelectric performance is preserved.

3.4. Piezoelectric Properties

Piezoelectric polymers such as P(VDF-TrFE) require a polariza-
tion step to exhibit macroscopic piezoelectric properties. During
this step, it is mandatory to reach an electrical field higher than
Ec, the coercive field.

In the case of P(VDF-TrFE), this field is ~80 MV m .
Samples were put in castor oil to avoid electrical breakdown.
The electrical field was slowly raised to 80MV m™.
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Figure 12. ds; values for the P(VDF-TrFE) matrix and P(VDF-TrFE)/Ni NPs
and P(VDF-TrFE)/Ag@Ni NW composites.

After 24h, the piezoelectric ds;3 coefficient was measured.
The values are reported subsequently (Figure 12).

Despite the introduction of conductive particles, composites
were successfully polarized. An important decrease of the dj;
value is observed compared to the P(VDF-TrFE) matrix. The rea-
son is twofold: the dielectric losses induced by the conductive
particles and the crystallinity ratio decrease. In the case of
P(VDF-TrFE)/Ag@Ni NWs, the decrease is more important.
This decrease is explained by the Ag@Ni NWs’ aspect ratio.
The higher aspect ratio has two consequences. First, it increases
the dielectrical losses®®! due to a slightly higher conductivity
in the composite, as shown in Table 3. Second, as P(VDF-TrFE)
is on the rubbery plateau at room temperature, the Ag@Ni NWs’
presence induces additional topological nodes, which increase the
rubbery mechanical modulus. It has been previously shown that
such modulus increase leads to a transduction/dissipation
phenomenon and ds3 coefficient?®* decrease. This phenomenon
coupled with a lower effective field caused by dielectrical losses
and a lower crystallinity ratio explains such a ds; decrease.

3.5. Magnetoelectric Properties

Measurements were made under a constant directive magnetic
field (Hpc) of 4 kOe. The magnetoelectric current (Iyg) was mea-
sured with a lock-in amplifier and plotted as a function of the
alternative magnetic field (Hac). The Hac frequency was fixed
at 1kHz. First, a blank was made with pristine metalized and
polarized P(VDF-TrFE) to subtract the environmental noise.

Table 3. Real part of the conductivity for magnetoelectric composites at
0.5 Hz.

Sample ¢ [Sm|
P(VDF-TrFE)/0.3% Ni NPs 44x107"2
P(VDF-TrFE)/0.3% Ag@Ni NWs 49x107"2
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Figure 13. Magnetoelectric current for P(VDF-TrFE)/Ag@Ni NW (blue)
and P(VDF-TrFE)/Ni NPs (black) as a function of Hac.

The evolution of Iy and its fitting (continuous lines) for the two
composites are reported on the following graph (Figure 13).

For the two samples, Iyyg shows a linear variation with Hac.
This linear variation allows us to use a simple equation to deter-
mine the coupling coefficient ayg value by applying Equation (2)
and (3). The ¢, values were measured at 300 K and 1 kHz and are
reported in Table 4.

Then, by fitting the evolution of Iyyg versus Huc we calculated
the magnetoelectric coefficients of the composites. The aug
calculated values are reported in Figure 14.

In both composites important values of ayg were measured.
These values are consistent with the literature for polymer-based
composites.’>) We observe that the Ag@Ni NWs composite
exhibits a lower ayg than the Ni NPs composite. Two reasons
can explain this difference. First, the ds; value measured in the
Ag@Ni NW composite is two times lower than in the Ni NP com-
posite. It means that in similar experimental conditions, the
recorded Iz will be lower. Second, it has been shown that
the magnetic properties of Ag@Ni NWs were lower than those
of Ni NPs in terms of magnetization. Thus, the Ag@Ni NWs are
less sensitive to the magnetic field, leading to a lower coupling
coefficient. Despite the positive effect of the aspect ratio on the
magnetoelectric coupling, the magnetization and ds; are too low
to be offset by the aspect ratio. Here, the positive impact of the
aspect ratio can be observed through the rather high value of ayg
in the P(VDF-TrFE)/Ag@Ni NWs composite despite the low ds;3
and magnetization. Moreover, the results we present here were
obtained with a very low amount of magnetic particles, i.e., 0.3%

3.0
] 0.3 % vol Ag@Ni NWs
a5 0.3 % vol NiNPs
— 2.04 i‘
F8 2R
E 15 % 4
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2 % LK
® 1.0 I
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0.3 % vol Ag@Ni NWs 0.3 % vol NiNPs

Figure 14. Magnetoelectric coefficients of P(VDF-TrFE)/Ag@Ni NWs
(blue) and P(VDF-TrFE)/Ni NPs (black).

in volume. Here we confirm the advantage of metallic nickel over
most of the ferrites with a higher M, leading to a better magne-
toelectric coupling despite the lower filler content. We report in
Table 5 some examples of magnetoelectric composites with
high-aspect-ratio magnetic fillers and a P(VDF-TrFE) matrix.
In comparison with Ag@Ni NWs, the use of Ni NWs leads to
higher ayg thanks to more important magnetization. But the
challenge of Ni NWs elaboration by electrodeposition remains
amajor drawback for wide application regarding the gain of mag-
netoelectric coupling compared to our solution. Results pre-
sented by Policia et al.’”) show a much higher coupling value
with a very high aspect ratio for the magnetic filler and they man-
age to reach very high piezoelectric coupling. However, several
steps of wire alignment and coating are required. Despite the
lower values of ayg, our work shows a good compromise
between magnetoelectric coupling, high-aspect-ratio fillers, and
easy processing in terms of magnetic particle elaboration and
composite processing.

4, Conclusion

Silver nanowires have been successfully decorated with nickel by
a simple polyol process. The nickel layer is homogenous and well
crystallized. The 1D morphology is not affected by the process.
The nickel thickness is near 80 nm, which allows good magnetic
properties for Ag@Ni NWs. Despite a low magnetization, they

Table 5. Magnetoelectric properties of several composites.

Table 4. Dielectric permittivity of composites at 1kHz. Composite omE Hoc  Reference
. . [mMVecm™ Oe ] [Oe]
Matrix Filler
Sample &  P(VDF-TrFE) Ag@Ni NWs 18 4000 Our work
PVDF-TrFE 4.2 Ni NPs 24 4000
PVDF-TrFE/Ni NPs 6.8 Ni NWs 30 2000 [36]
PVDF-TrFE/Ag@Ni NWs 7.8 Fez.5Si12.5B1s MW 65 182 [37]




exhibit a high Hc (2110Oe) at ambient temperature and
better thermal stability of magnetic properties than nickel spher-
ical particles thanks to the anisotropy effect contribution.
Homogeneous/Ag@Ni NWs composites were processed by
hot pressing. The magnetic filler amount was fixed at 0.3 vol% to
preserve the physical structure of the P(VDF-TrFE) matrix
checked by DSC analysis. The P(VDF-TrFE)/Ag@Ni NWs com-
posite was then polarized to obtain a macroscopic ds3 of 3.2 pC
N~'. The magnetoelectric coupling coefficient is equal to
1.8Vm ' Oe . This value remains lower than a ME coupling
obtained with the P(VDF-TrFE)/Ni NPs composite at the same
filler rate. Nevertheless, it remains higher than many values
reported in the literature for P(VDF-TrFE)/ferrite samples show-
ing a higher amount of magnetic particles. The main advantage
of P(VDF-TrFE)/Ag@Ni NWs is the possibility of application in
an environment requiring high Hc. Ag@Ni NWs can also be
good candidates for the elaboration of three-phased magnetoelec-
tric composites to take advantage of their magnetic properties’
thermal stability.
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