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Abstract

Electrodeposited Functional Nanowires for Energy Applications

Chess Boughey

Nanostructuring functional materials can lead to a variety of enhanced intrinsic material
properties. In particular, nanowires (NWs) have large surface–to–volume ratio and large
aspect ratio (length / diameter), which makes them sensitive to low–amplitude vibrations
and have increased flexibility compared to the bulk form of the material. In this thesis,
piezoelectric, ferroelectric, ferromagnetic and magnetoelectric (ME) NWs have been explored
in the context of vibrational energy harvesting and magnetic energy harvesting and sensing;
because of their increased piezoelectric coefficients and ME coupling compared to bulk.

Low–temperature, solution–processable and hence scalable fabrication techniques have
been used throughout this work. Electrochemical deposition or electrodeposition (ED) in
conjunction with nanoporous templates i.e. template–assisted electrodeposition (TAED) have
been used to grow piezoelectric zinc oxide (ZnO) and ferromagnetic nickel (Ni) NWs and
three template–wetting based techniques have been used to grow ferroelectric poly(vinylidene
fluoride trifluoroethylene) (P(VDF–TrFE)) NWs and nanotubes (NTs). Both techniques have
been optimised and subsequently combined to synthesise core–shell or (1–1) Ni – P(VDF–
TrFE) composite NWs. The structural and crystalline properties of each type of nanostructure
has been studied using a variety of techniques including: scanning electron microscopy
(SEM), energy dispersive X–ray analysis (EDX), X–ray diffraction (XRD) and transmission
electron microscopy (TEM) and all of the NWs have been shown to be polycrystalline.

The energy harvesting performance of vertically aligned ZnO NW arrays embedded in
flexible, polycarbonate (PC) templates when incorporated into a flexible nanocomposite
nanogenerator (NG), has been tested via periodic impacting and flexing of the NG at different
frequencies. The voltage (V ), current (I) and power were recorded during testing and
measured across a range of external load resistances. The aligned nature of the embedded
NWs ensures good piezoelectric performance across the entire device under impacting, while
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the PC template ensures mechanical stability and longevity of the device, confirmed by
good fatigue performance over 24 hours of continuous testing, which is rarely studied in
this field. The power density (Pd) was found to be 151 mW m−3 for low–amplitude (0.68
mm) and low–frequency (5 Hz) impacting, resulting in energy conversion efficiencies (χ)
and device efficiencies (χ’) of ≈ 4.2 % and ≈ 3.76 x 10−3 % respectively. The nanoscale
or surface piezoelectric charge coefficient (d33) was measured to be ≈ 12.5 pm V−1 on an
individual ZnO NW, using a combination of Kelvin probe force microscopy (KPFM) and
non–destructive piezoresponse force microscopy (ND–PFM).

Both nanoscale and bulk ME measurements have been performed on Ni – P(VDF–TrFE)
ME composite (1–1) NWs, nanocomposite (1–3) films and (2–2) laminates. The latter two
structures have been fabricated using TAED and ED for the Ni NW and film respectively, in
combination with drop–casting and spin–coating for the P(VDF–TrFE) films. The scanning
probe microscopy (SPM) measurements used here include atomic force microscopy (AFM),
KPFM, magnetic force microscopy (MFM) and piezoresponse force microscopy (PFM) and
it has been found that the ME coupling in the (1–1) composites NWs is enhanced compared
to the other structures, confirmed by approximating the converse ME coupling coefficient
(αC) of each composite. Additionally, vibrating sample magnetometry (VSM) has been used
to confirm the ferromagnetic nature of the Ni phases in the composite structures.

ME composite devices based on (2–2) and (1–3) composite materials and have been
fabricated and preliminary bulk ME measurements of the ME coupling coefficient (αE) plus
energy harvesting measurements have also been performed as a proof of concept that the
nanoscale ME coupling translates to the bulk, to some extent.
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V s sample piezoresponse force microscopy voltage signal

Voc open–circuit voltage

Vrms root–mean–square voltage

vsample effective local surface potential of a sample in Kelvin probe force
microscopy

vtip dc voltage applied to atomic force microscopy tip in Kelvin probe
force microscopy
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Chapter 1

Introduction

There is a growing demand for electronic devices that are wireless, portable, wearable and/or
implantable. In 2012, 8.7 billion devices were estimated to be connected over the internet and
by 2020, this figure is expected to rise to between about 50 and 75 billion via the ‘Internet
of Things’ (IoT) [15–19]. Such devices are typically powered by traditional power sources
such as batteries that require replacing and recharging, and that do not scale easily with size.
Compact sensors and actuators embedded within everyday consumer electronics, household
appliances and general infrastructure would benefit from a wireless power source and one
that preferably lasts for the full product lifetime. Harvesting energy from ambient sources in
a commercially viable way offers a cleaner, more sustainable, competitive energy solution
to these small–power applications. This could include scavenging energy from light, waste
heat, ubiquitous vibrations and stray magnetic fields, to name a few.

The abundance of solar energy offers huge potential power densities when harvested
through photovoltaic devices, 100 mW cm−2 on a bright day and 100 µW cm−2 inside with a
light on [13, 20], however, the availability of solar power is dependent on seasonal variations,
geography, time of day and weather conditions, and may not be particularly well–suited
for embedded or implantable devices [21]. Piezoelectric nanogenerators (NGs), which
convert energy from vibrations into electricity with nanostructured piezoelectric materials,
have reached 0.1 mW cm−3 – 10 mW cm−3 using vibrations with frequencies of a few
Hz – 10s of kHz [22, 23]. NGs can operate in the dark, inside the body and in a variety of
extreme environmental and inaccessible conditions. It is also possible to harvest energy using
pyroelectric, thermoelectric and triboelectric materials where energy is scavenged from heat,
temperature differences and electric charge from friction respectively, and depending on the
device environment, one or more of these energy forms will be easiest to access or detect and
hence determine the application.
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It is also possible to harvest energy from stray magnetic fields. The ubiquitous nature
of parasitic magnetic noise from overhead power transmission cables, computers and many
types of electronic devices, makes magnetic energy a particularly attractive ambient energy
source, even compared with mechanical energy sources which can be intermittent and
therefore provide variable power densities [22, 23]. Stray magnetic fields in typical homes
vary between 0.01 Gauss to 10 Gauss [24] and emanate as 50 / 60 Hz electromagnetic
radiation from wiring. Energy from magnetic fields can typically be captured using coils
and magnets, but traditional electromagnetic generators are often limited by issues related to
size, frequency and efficiency [25–28]. Stray magnetic fields could therefore be a source of
energy for wireless sensors implemented in home and office environments [29], rather than
using electromagnetic generators. In industrial locations with heavy electrical machinery,
the magnetic field strength may even exceed 100 Gauss [24] and efficient scavenging of
energy could enable the development of self–powered early fault detection systems for the
monitoring of the health of the machinery.

Magnetoelectric (ME) composites are well–suited for magnetic energy harvesting, arising
from the combination of a magnetostrictive and a piezoelectric component. ME composites
devices convert magnetic energy to electrical energy through a two–step process: magnetic
energy is first converted to mechanical energy via magnetostriction in the magnetic part
of the ME composite, and then the mechanical energy is converted to electrical energy via
the piezoelectric component. Issues with electromagnetic generators could be overcome
by incorporating ME composite materials into magnetic energy harvesters [30–34]. Such
energy harvesters [35–38] could provide energy solutions in light of the demand for flexible,
low–cost, lightweight and even bio–compatible devices [35, 39–41].

This thesis looks at piezoelectric and ME effects in materials, working for the most part
at the nanoscale, to study these effects for their potential use in energy harvesting and sensing
devices. Nanoscale functional materials offer many benefits over bulk including their larger
surface–to–volume ratio which leads to various improved material properties, discussed in
this introductory chapter, but it is not always simple to fabricate nanostructures, particularly
on an industrial scale. This emphasises the importance of using and improving scalable
nanofabrication techniques which is one of the focusses of the work reported here. It is found
that template–assisted nanofabrication techniques are scalable and versatile when it comes
to the synthesis of functional nanowires (NWs) / nanotubes (NTs) and are well–suited for
direct integration into energy harvesting devices.
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(a) (b)

Fig. 1.1 An illustration of the piezoelectric effect demonstrated in a material with a positive
piezoelectric charge coefficient showing the directions of transient current when (a) under
compressive strain and (b) under tensile strain. The pink arrows show the direction of strain
and the black ones are the direction of polarisation (PPP) in the piezoelectric material (purple)
with metallic electrodes (grey) on either side.

1.1 Functional Nanowires and Nanotubes

This introductory chapter provides the background and context of NWs and NTs with
piezoelectric, ferroelectric, ferromagnetic and ME functionalities. ME composites are
also introduced and there is a focus on possible applications in vibrational and magnetic
energy harvesting and sensing. The relevance of working at the nanoscale is discussed, and
explanations of the various functionalities and fabrication and characterisation methods used
in these fields is provided. Some of the work presented here is adapted from three previous
works by the author: a book chapter [1], a journal article [5] and a first year PhD report [42].

1.1.1 Functionality Fundamentals

This first section provides a concise introduction to the piezoelectric and ME effects, including
their origins and their mathematical definitions.

1.1.1.1 The Piezoelectric Effect

The term ‘piezoelectricity’ refers to the property of certain materials to generate electrical
charges on their surfaces in response to an applied pressure, see Fig. 1.1, and was first
discovered in 1880 by Jacques and Pierre Curie [43].
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Piezoelectricity is a third rank tensor as it linearly relates stress (TTT ) and electric polari-
sation (PPP) which are second and first rank tensors respectively. The combined effect of the
electrical behaviour DDD = εεεEEE, where DDD is the displacement field, εεε is the permittivity and
EEE is the electric field, and Hooke’s Law SSS = sssTTT , where SSS is the strain and sss is the elastic
compliance, leads to the coupled strain–charge equations given in Eqn. 1.1 – 1.2:

DDD = dddTTT + εεε
T EEE (1.1)

SSS = sssETTT +dddtEEE (1.2)

where ddd and dddt are the piezoelectric charge coefficient and the transpose of it respectively.
DDD, EEE are first rank tensors (vectors), TTT , SSS, εεεT , ddd and dddt are third rank tensors and sssE is a
fourth rank tensor [8, 44]. Eqn 1.1 represents the direct piezoelectric effect and Eqn. 1.2 the
converse and SSS and TTT are symmetric tensors and so can be written as 6–component vectors
as well as of 3 x 3 matrices. From these tensor equations, four piezoelectric coefficients can
be derived and are defined by Eqns. 1.3 – 1.6:

dij =

(
∂Di

∂Tj

)E

(1.3)

eij =

(
∂Di

∂Sj

)E

(1.4)

gij =−
(

∂Ei

∂Tj

)D

(1.5)

hij =−
(

∂Ei

∂Sj

)D

(1.6)

dij is the most commonly used coefficient when comparing piezoelectric materials and
is important when identifying a material’s suitability for strain–dependent applications and
the piezoelectric voltage constant, gij is more important for assessing a material’s suitability
for sensing applications. eij and hij are two less commonly used coefficients. Diagonal
components of the stress tensor are normal stresses and off diagonal elements are shear
stresses. Often the polar direction in ferroelectrics is assumed or approximated to be uniaxial
and taken to be in the z–direction. d33 therefore describes the electrical response when a
normal TTT is applied along the polar direction. In other words, the first subscript indicates
the direction of PPP generated in the material and the second subscript is the direction of
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the applied TTT . d33 is therefore taken as the main figure of merit when comparing uniaxial
piezoelectric systems [8].

Another important parameter of piezoelectric materials is the electromechanical coupling
coefficient, kij which measures how effective the material is at converting between mechanical
and electrical energy [45] and is a third rank tensor. It is mathematically defined by Eqn. 1.7:

k2
ij =

(sE
ij − sD

ij )

sE
ij

(1.7)

Below the mechanical resonance frequency, which ambient frequencies are for piezoelec-
tric materials, this equates to the intrinsic material electromechanical coupling coefficient
described by Eqn. 1.8:

k2
ij =

d2
ij

εT
ij sE

ij
(1.8)

=
g2

ijε
T
ij

sE
ij

(1.9)

and this is a more appropriate parameter to use than d33 when referencing materials [46].
The indirect piezoelectric effect is essentially the reverse process where a material

deforms under an applied EEE and all piezoelectric materials exhibit both the direct and indirect
effect. Under an applied EEE, a dipole moment forms from the movement of atoms caused by
opposing this field. This leads to a deformation in each unit cell; expansion or contraction.
The sum of this deformation across all of the unit cells in the crystal leads to a change in its
shape of ∼ 0.1 % [47]. Piezoelectric materials can therefore generate a voltage (V ) across
them when a mechanical load is applied, such as ambient vibrations, which can then be
extracted as useful power or sense EEE or both.

1.1.1.2 The Magnetostrictive Effect

The magnetostrictive effect is described mathematically by Eqns. 1.10 – 1.11:

SSS = sssHTTT +qqqHHH (1.10)

BBB = qqqTTT +µµµ
T HHH (1.11)
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where HHH, BBB, qqq and µµµ are the magnetic field, magnetic induction, piezomagnetic coefficient
and permeability respectively [44]. SSS is quadratically related to the applied HHH [31].

The magnetostriction coefficient (λhkl) is defined as the fractional change in length
during magnetisation (MMM) of a material and can be either positive or negative. The indices
denote the crystallographic axis it is measured parallel to. The saturation magnetostriction
coefficient (λS) is the fractional change in length as MMM increases from zero to the saturation
magnetisation (MMMS) [48], and for polycrystalline, non–textured cubic materials it is defined
by Eqn. 1.12 [49]:

λS =
2
5

λ100 +
3
5

λ111 (1.12)

In a non–magnetised state, the magnetic domains in a material that exhibits magnetostric-
tion are randomly aligned to minimize the total energy. When an external HHH is applied, the
domains orient their axes, altering the bond length between atoms, and the crystal lattice de-
forms spontaneously in the direction of MMM [48]. SSS, which is generated by this rearrangement
of domains, see Fig. 1.2, results in a change in the materials dimensions. This increases with
the applied HHH until saturation where all of the domains have aligned with the direction of
HHH [48]. Further discussion of domains is given in Section 1.1.2.3. An increase in length,
usually ∼ 10s of ppm (µstrain), along the direction of MMM is called positive magnetostriction
and this occurs in iron (Fe). A decrease in length is called negative magnetostriction which
occurs in nickel (Ni) [50]. λhkl depends on the density of the material and the degree of
preferred orientation in the crystal structure [51].

Conversely, when an external mechanical force or TTT is applied, the orientation of the
domains will be altered and the total magnetic flux changes accordingly. This effect is
known as the Villari effect, or inverse magnetostriction [52]. Thus unlike magnetic induction
whereby magnetic flux is generated by changing the current flow in coils, the magnetic
flux change in magnetostrictive materials is induced by external mechanical forces [53].
Magnetostrictive materials can thus convert magnetic energy into mechanical energy, or vice
versa.

1.1.1.3 The Magnetoelectric Effect

The direct ME effect is the induced PPP under an applied HHH, and can be written as:

Direct ME effect =
magnetic

mechanical
× mechanical

electric
(1.13)
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(a) (b)

Fig. 1.2 In the presence of an externally applied magnetic field (HHH), ferromagnetic materials
experience magnetostriction. Within the ferromagnetic material there are many magnetic
domains, which are regions of aligned magnetic dipole moments. Within each domain there
can be multiple crystallites. (a) An illustration of a material which deforms and changes
length (∆L) due to the realignment of the magnetic domains which (b) is from either domain
growth or rotation and hence deformation of the domains. These figures are taken from the
author’s work from Ref. [1], reproduced with permission from Wiley.

The theory of the ME effect was coined by Pierre Curie in 1894 [33] and is the combi-
nation of two material properties: magnetostriction and piezoelectricity. Considering both
these properties, the ME effect is mathematically described by the tensor Eqns. 1.14 – 1.16:

TTT = cccSSS−dddtEEE − cccSSSms (1.14)

DDD = dddSSS+ εεεEEE +αααHHH (1.15)

BBB = µµµ(SSS,EEE,HHH)HHH (1.16)

where ccc, SSSms and ααα are the stiffness constant, the magnetostrictively induced strain and
the ME coupling coefficient respectively [44, 54]. ααα is commonly used to compare ME
materials and to a linear approximation is defined by Eqn. 1.17:

αij =
∂Pi

∂Hj
(1.17)
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where i is the direction of PPP generated in the material when no EEE is present and j is the
direction of the applied HHH. A higher value of αij represents better coupling and therefore
improved conversion from magnetic to electrical energy.

An ME composite material consists of two phases; one which exhibits piezoelectricity
and one magnetostriction. Under an applied HHH, the magnetostrictive component (in strain–
mediated ME composites) produces strain which is then transferred to the piezoelectric
component which converts it to electric charge [44]. In single–phase multiferroics i.e.
a single material which displays two or more ferroic properties, there is a limit which
exists; α2

ij 6 εijµij, but in strain–mediated ME composites this limit can be exceeded [31].
Experimentally, the ME coupling coefficient, αE

ij , is typically found instead, by measuring
the change in EEE induced by an ME device, ∆Ei, when an ac HHH is applied, ∆Hj, as defined in
Eqn. 1.18:

α
E
ij =

∆Ei

∆Hj
(1.18)

∆Ei and ∆Hj will vary depending on the volume and cross–sectional area of the material,
the thickness ratio of the two phases, and the value of dij of the piezoelectric phase. In
practice, EEE is measured by measuring the V induced by the ME composite divided by the
distance between the electrical contacts across which it is measured. Both a dc magnetic
field (Hdc) and an ac magnetic field (Hac) are used when measuring αE

ij where Hdc ≫ Hac

and αE
ij peaks at the magnetomechanical / magnetoelastic resonance of the composite /

magnetostrictive material and Hac must be applied at this frequency in order to reach the
peak value. The enhanced effect at resonance is due to the direct proportionality of the ME
response with the quality factor [4]; the transfer of energy between the magnetostrictive and
piezoelectric phases is maximum at this point.

There is also a peak in αE
ij at a certain Hdc. This non–linear response is due to the increase

in qqq as Hdc is increased up to the point where λhkl reaches its maximum value at saturation
and then αE

ij decreases at higher Hdc beyond this point [35].
The converse ME effect can be described as the induced MMM under an applied EEE and the

converse ME coupling coefficient is defined by Eqn. 1.19 [55]:

α
C
ij = µ0

∂Mj

∂Ei
(1.19)

where µ0 is the vacuum permeability, i is the direction of the applied EEE and j the direction
of the induced MMM. αE

ij is related to αC
ij by Eqn. 1.20 [55]:
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α
C
ij = ε0εikα

E
kj (1.20)

where ε0 is the vacuum permittivity, εik is the relative permittivity, i is the direction of
the applied EEE, j is the direction of the induced MMM or the applied HHH and k is the direction of
the induced EEE.

1.1.2 Functional Materials

This section introduces the origin of piezoelectric, ferroelectric, ferromagnetic and ME
properties in the context of the specific materials used in this work: zinc oxide (ZnO),
polyvinylidene fluoride trifluoroethylene (P(VDF–TrFE)), Ni and Ni – P(VDF–TrFE) com-
posites.

1.1.2.1 Piezoelectric Semiconducting ZnO

Out of the 32 crystal classes, 21 are non–centrosymmetric, and 20 are piezoelectric. If TTT is
applied to a non–centrosymmetric crystal, polar or non–polar, the resultant change in shape
causes the atomic structure of the crystal to change so that positive and negative ions move
relative to each other; which leads to a resultant dipole moment [47, 56]. For a net PPP to form,
the resultant dipole must not be cancelled out by other existing dipoles in the unit cell, which
means there cannot be a centre of charge symmetry, hence why piezoelectric materials are
non–centrosymmetric.

Out of the 20 piezoelectric crystals, 10 are non–polar which means they do not exhibit
a spontaneous PPP. If TTT is applied to a homogeneous non–polar piezoelectric crystal, each
unit cell will generate PPP which will cause an overall charge to form on the surface of the
material. If this material is then placed in a closed circuit, current (I) will be read out from
the movement of charges across the crystal faces [47]. ZnO is an example of a piezoelectric
material when in its hexagonal wurtzite structure and Fig. 1.3 displays this structure, with
the crystal axes labelled, alongside the origin of piezoelectricity in this case. ZnO is also an
n–type semiconductor with a wide band gap of ∼ 3.3 eV and because of this, its use as a
piezoelectric material can be hindered by internal screening from the free electrons which
move under the piezoelectric V and reduce PPP [57]. External screening also occurs from
defects such as oxygen (O) vacancies [57].
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Fig. 1.3 An illustration of the origin of polarisation (PPP) in ZnO with hexagonal wurtzite
crystal structure.

1.1.2.2 Ferroelectric P(VDF–TrFE)

The other 10 piezoelectric crystal classes are polar, which means they have a spontaneous PPP
even when not mechanically stressed because there is a permanent electric dipole moment
associated with their unit cell. These materials are ferroelectric. In this case, the piezoelectric
effect occurs when the magnitude or direction of PPP changes. These crystals are also pyroelec-
tric, a subset of piezoelectric crystals, where a change in PPP can be caused by a temperature
change. Ferroelectric crystals are then a subset of pyroelectric ones where the dipole moment
can be reversed by applying EEE in the opposite direction to PPP [56] and Fig. 1.4 shows a Venn
diagram of how these three types of materials are related. The reason for spontaneous PPP
varies depending on the system, for example it can be electronic at the atomic level, ionic in
ionic crystals and orientational in dipolar liquids. In each case though it is the existence of
electric dipoles which lead to an overall PPP. It is not always obvious whether TTT will increase,
decrease or have no effect on PPP as this depends on the orientation of the crystal [47].

Ferroelectrics spontaneously polarise when they undergo a phase transition from a high
temperature paraelectric phase to a low temperature ferroelectric phase, at a characteristic
Curie temperature (TC). Most ferroelectrics are perovskite ceramics such as barium titanate
(BaTiO3, BTO) or lead zirconate titanate (PbZrxTi1−xO3, PZT) and the spontaneous PPP of the
ferroelectric phase is due to the dipole moment created by the shift of cations with respect
to anions. Certain polymers such as polyvinylidene fluoride (PVDF) and odd numbered
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Fig. 1.4 A Venn diagram showing how piezoelectric, pyroelectric and ferroelectric materials
are related.

Fig. 1.5 An illustration of crystalline lamellae in polymers showing both the crystalline and
amorphous regions.

nylons [58] are ferroelectric, where the dipole moment originates from the difference in
electronegativity across the carbon (C) backbone. PVDF and its copolymers are one of the
most common families of ferroelectric polymers [8, 12]. Polymers exist in either crystalline,
partially crystalline or amorphous form, depending on the relative thickness of the crystalline
lamellae; where polymer chains fold and line up in a regular structure between the amorphous
layers, illustrated in Fig. 1.5. The more lamellae there are, the more crystalline a polymer is
and hence the stiffer it is [56].

Focussing on PVDF, it has various possible crystalline phases: α , β , γ , δ and ε and
Fig. 1.6 compares the conformations of the α and β phases [8]. The origin of its ferroelectric
properties, in its β phase where the polymer chain is in an all–trans (TTTT) conformation,
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Fig. 1.6 An illustration of PVDF chain conformations for (a) the α and (b) β phases. The
grey bars represent bonds and the direction of polarisation (PPP) is shown which results from
the formation of electric dipoles perpendicular to the chain length.

Fig. 1.7 An illustration of P(VDF-TrFE) chain conformation in the β phase. Black, purple
and pink spheres represent C, F and H atoms respectively. The grey bars represent bonds and
the direction of polarisation (PPP) is shown which results from the formation of electric dipoles
perpendicular to the chain length.

arises from the difference in electronegativity of the fluorine (F) atoms to the C and hydrogen
(H) atoms. It has a spatially symmetrical arrangement of H and F atoms along the polymer
chain. In this spatial arrangement, the difference in the electronegativity of atoms generates
PPP in the molecules [59]. It is the non–polar α phase, however, with a trans–gauche–trans–
gauche’ (TGTG’) conformation, which usually forms as the polymer crystallizes from
solution as this is the lowest energy state, and would need annealing, stretching or electrical
poling to convert to the β phase.

The copolymer, P(VDF–TrFE) is a random copolymer which consists of the two ho-
mopolymers: PVDF and poly(trifluoroethylene) (PTrFE) [60]. PVDF has a higher TC than
its melting point but by adding TrFE (–CF2–CFH–) it is lowered to below it. The addition of
TrFE increases the unit cell size and inter–planar distance of the ferroelectric phase, which
means the inter–dipole and unit cell interactions are reduced, leading to a lower TC [61].
Another benefit of using the copolymer rather than PVDF, and the main reason for using it in
this work, is that it more easily crystallizes into the polar β phase due to steric effects [62].
The C–F dipole moment leads to a spontaneous PPP perpendicular to the polymer chain and
this is demonstrated in Fig. 1.7, which shows the chain conformation.

On the macroscopic scale rather than the molecular level, whether the ferroelectric
material is a single crystal or polycrystalline, within each grain there are domains of different
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Fig. 1.8 An illustration of a polycrystalline ferroelectric material where the arrows represent
dipole moments and the islands represent the grain boundaries of different orientation crystals.

(a) (b)

Fig. 1.9 An illustration of (a) ferroelectric domains before and (b) after poling under an
electric field (EEE) which shows how there is only a net polarisation afterwards.

dipole moments, see Fig. 1.8. Under TTT , there is a chance that there will be no net increase in
PPP because some domains will experience an increase and some a decrease in dipole moment.
In order for the ferroelectric material to show some PPP, it usually has to be stretched or
poled; where an EEE greater than the coercive electric field (EC) [63, 64] is applied whilst the
material is heated to above TC. The material is then cooled into the ferroelectric phase whilst
maintaining the EEE, so as the spontaneous PPP develops it is aligned in a single direction [47].
This is demonstrated in terms of domains in Fig. 1.9. This also means that operating
conditions must not exceed TC, be in the vicinity of a strong EEE or highly stressed for the
ferroelectric to remain polarised. Poling can also be done at lower temperature as EC varies
with temperature. Increasing the temperature just lowers EC and therefore the required EEE.
Partial poling can be performed at lower EEE as well.
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Poling fields can typically range from less than 1 kV cm−1 in single crystals close to TC, to
∼ 1000 kV cm−1 for ferroelectric polymers, particularly at lower temperatures and for thinner
samples. In certain cases, piezoelectric materials have been shown to exhibit ‘self–poling’
behaviour whereby an external poling field is not required for piezoelectric performance.
For example, PVDF–based NWs were found to be self–poled when grown by the process
of template–based wetting [7, 65–70], in nanoporous templates due to confinement induced
preferential orientation [65, 66] of the crystal lamellae. The self–poled nature [62] of these
NWs enables them to be used in piezoelectric applications without the requirement of
post–deposition poling / processing, which is highly desirable.

1.1.2.3 Ferromagnetic Materials

Analogous to ferroelectric materials, ferromagnets are materials in which the magnetic
moments align parallel to each other under the application of HHH and remain this way when
the field is taken away leading to a spontaneous magnetisation (MMM0). At room temperature,
the transition metals Fe, cobalt (Co), Ni (and gadolinium (Gd) up to 20◦C) are the only
ferromagnetic elements and because Ni is a typical ferromagnetic element, this section
introduces ferromagnetic materials in general rather than just Ni as a specific case.

Ferromagnetic materials have a ferromagnetic TC above which the material transitions to
the paramagnetic phase where the magnetic dipole moments are randomly orientated due to
thermal fluctuations [50] and are characterized by magnetic domains, i.e. regions of aligned
magnetic moments, analogous to ferroelectric materials. When the material is demagnetised,
the sum of the moments across all the domains is zero and when the material is magnetised
the sum across the domains gives an overall MMM [50]. The existence of these domains is due
to energy minimisation of all of the possible atomic interactions, including the exchange
interaction, magnetostatic, magnetocrystalline and magnetostrictive energies [50]. It is the
magnetostrictive energy which is of most interest here, in relation to the ME effect.

An important characteristic behaviour which ferromagnets exhibit is magnetic hysteresis
and Fig. 1.10 shows an example of a hysteresis curve of a ferromagnet. There is analogous
behaviour seen in ferroelectrics but the discussion here is made only in the context of
ferromagnets because it is the most relevant to the results in this work. When an external HHH
is applied to a ferromagnetic material, the magnetic domain which is pointing in a direction
closest to that of the applied HHH, will grow at the expense of the other domains through domain
wall motion. At low HHH this motion is reversible but if the field keeps increasing, eventually a
single domain will remain, pointing along the easy axis, closest to the direction of the applied
HHH. The easy axis is the crystal axis which the magnetic moment will tend to align with; it
is the most energetically favourable direction of MMM0. The hard axis is the least favourable
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Fig. 1.10 An example of a magnetic hysteresis curve with magnetisation (MMM) vs. applied
magnetic field (HHH) and with the saturation magnetisation (MMMS), remanent magnetisation (MMMR)
and the coercive magnetic field (HHHC) labelled.

direction. MMM then increases again and reaches MMMS as the domain direction rotates away from
the easy axis and aligns parallel with the applied HHH direction, and the HHH required to do this is
determined by the magnetocrystalline energy of the material. As HHH is reversed, firstly the
single domain rotates back to the easy axis and then because of the demagnetising effect
of the single domain, reverse magnetic domains form to lower the magnetostatic energy by
lowering the demagnetising field. A non–zero magnetisation, the remanent magnetisation
(MMMR), remains when HHH = 0 because the demagnetising field is not strong enough for the
domain walls to fully reverse back to their original positions due to crystal defects [50]. The
coercive magnetic field (HHHC) in this case is the field required to reduce MMM to zero [1].

Magnetocrystalline and shape anisotropy both contribute to the ferromagnetic hysteric
behaviour. In the former, it is the energy difference between orientating a material’s MMM
along its easy axis compared to its hard axis which leads to this anisotropy. In the latter,
it is from the ease of the direction of MMM pointing along the long axes in any non–spherical
sample of a material. Magnetic poles are generated and the demagnetising field is minimal
when MMM is parallel to the long axis. This decreases when the distance between the poles
increases. The larger the demagnetising field, the larger the shape anisotropy [50]. As well
as hysteretic behaviour, ferromagnetic materials also exhibit magnetostriction because of
magnetocrystalline anisotropy.
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1.1.2.4 Magnetoelectric Composites

In 1959 the ME effect was predicted to occur in antiferromagnetic chromium oxide (Cr2O3)
by Dzyaloshinskii [71] and was experimentally confirmed the next year by Astrov [72]. Since
then, ME materials have moved from single–phase compounds, particulate composites (0–3,
1–3, 3–3), multi–phase laminates (2–2, 2–1), micro and nano thin films to nanostructured
composites (0–1) and (1–1). Fig. 1.11 displays some examples of different composite
structures that can be used for ME composites. The composite labels refer to the number of
dimensions in contact between the two phases, i.e. the contact surface, where a nanoparticle
is considered to have dimension zero and a NW dimension one. At constant frequency, αE

ij is
proportional to the effective working surface specific value, which is the ratio of the contact
surface area to the free surface area. The free surface area is the area of the phases which is
not in contact [51].

Single–phase multiferroic materials can exhibit spontaneous PPP, SSS and MMM respectively;
and therefore can be controlled by an applied EEE, TTT or HHH [31]. They are unusual because
ferroelectrics have a non–centrosymmetric unit cell and are insulating materials, whereas
ferromagnets are typically metals. Bismuth ferrite (BiFeO3, BFO) and rare–earth man-
ganites [73–75] are some examples of single–phase multiferroics but in terms of device
applications, multi–phase composites have exceeded them because of their improved ME
coupling and higher TC. The concept of indirect strain–mediated ME composites was first
proposed by van Suchtelen in 1972 [34, 76] and these materials now dominate the field.

The use of polymers in ME composites can be for a binder material not just as the
piezoelectric component. Like in piezoelectrics, PVDF is commonly used and the nucleation
of the β phase content has been shown to be strongly enhanced in cobalt ferrite (CoFe2O4,
CFO) – PVDF (1–1) NWs compared with pure PVDF ones [77, 78].

1.1.2.5 Summary of Functional Material Properties

The functional material properties discussed so far are summarised in this section in terms of
coefficients and advantages and disadvantages.

Most well known piezoelectric materials are typically inorganic / ceramic in nature [79–
82], exhibiting high values of dij, however, these piezo–ceramics typically require high
processing temperatures and have high stiffness constants, making them susceptible to
mechanical failure. Additionally, piezo–ceramics with the highest performance, typically
have perovskite crystal structure and often contain lead, such as PZT [83, 84]. ZnO is a
favourable piezoelectric material choice in terms of its ease of growth into nanostructures
and the fact that it does not require poling because it is not ferroelectric. It is also a widely
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Fig. 1.11 An illustration of composite structures (a) (0–3), (b) (1–3), (c) (2–2), (d) (1–
1) and (e) (0–1). Green represents the magnetostrictive component and beige represents
the piezoelectric component. This figure is taken from the author’s work from Ref. [1],
reproduced with permission from Wiley.
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used and studied material across various fields. It does, however, have a lower dij value than
perovskites for example.

Piezoelectric polymeric materials offer an alternative [8, 12] because although less well–
studied, have significant advantages such as low stiffness constants, easy processability
and low cost [8, 12, 85] and have found applications in flexible sensors [86–96], energy
harvesters [7, 97–99] and organic field–effect transistors [100], to name a few. The main
drawback is their relatively low piezoelectric coefficients. Table 1.1 presents a range of
material properties including d33 and k33 for some commonly used materials including the
materials used in this work [8].
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Table 1.1 highlights the differences between ceramics and polymers and their respective
advantages and disadvantages. Polymers are flexible, light, lead–free and have an acoustic
impedance, Z0 close to air and water whereas ceramics have a much higher d33 value.
Polymers also have a lower resonance frequency, ft which is closer to ambient vibration
frequencies. These values become particularly important for application choice and device
design. ZnO, although it has a significantly lower d33 than both the polymers and ceramics,
has a similar k33 value to the ceramics because of its lower ε33. These material properties
presented are all intrinsic bulk values experimentally found, not nanoscale.

In terms of materials used in ME composites, particulate composite material systems
such as BTO – CFO and PZT – ferrites have been fabricated in various composite forms [101–
104]. These were then succeeded by laminate composites because of their improved ME
coefficients and lower dielectric losses. There are many examples in the literature using
similar materials such as ferrites (CFO, NiFe2O4 (NFO)) with piezo–ceramics (PZT), [69, 70]
magnetic elements / alloys (TbxDy1−xFe2 (Terfenol–D), Ni, Fe81B13.5Si3.5C2 (Metglas))
with piezo–polymers / ceramics / crystal (PbNb2/3Mg1/3O3 – PbTiO3 PbNb2/3Zn1/3O3 –
PbTiO3, PMN – PT PZN – PT) [105, 106] and magnetic elements / alloys with interdigitated
electrodes / piezo–fibres [107, 108] Section 1.4.4 discusses further the different types of
composites used in ME devices.

The performance of laminate composites, determined by the ME coupling depends on
the material properties of the individual components such as ddd, qqq, µµµ and sssE and as well as
thickness, orientation and applied HHH. Table 1.2 is a comparison of some of these magnetic
material properties including λhkl values along the easy axes for bulk ferromagnetic elements
as well as alloys.



1.1 Functional Nanowires and Nanotubes 21

Ta
bl

e
1.

2
M

ag
ne

tic
m

at
er

ia
lp

ro
pe

rti
es

of
m

ag
ne

to
st

ric
tiv

e
m

at
er

ia
ls

.R
oo

m
te

m
pe

ra
tu

re
(u

nl
es

ss
pe

ci
fie

d
ot

he
rw

is
e)

,b
ul

k
ex

pe
rim

en
ta

l
va

lu
es

un
de

rn
o

ap
pl

ie
d

st
re

ss
.λ

ea
sy

,λ
S
,M

0,
T C

,M
S

an
d

ρ
ar

e
th

e
m

ag
ne

to
st

ri
ct

io
n

al
on

g
th

e
ea

sy
ax

is
,s

at
ur

at
io

n
m

ag
ne

to
st

ri
ct

io
n,

sp
on

ta
ne

ou
s

m
ag

ne
tis

at
io

n,
C

ur
ie

te
m

pe
ra

tu
re

,s
at

ur
at

io
n

m
ag

ne
tis

at
io

n
an

d
m

as
s

de
ns

ity
.

α
is

th
e

Fe
ph

as
e,

bc
c

=
bo

dy
ce

nt
re

d
cu

bi
c,

fc
c

=
fa

ce
ce

nt
re

d
cu

bi
c,

he
x

=
he

xa
go

na
l,

te
t=

te
tra

go
na

la
nd

rh
om

=
rh

om
bo

he
dr

al
.T

hi
s

ta
bl

e
is

ta
ke

n
fr

om
th

e
au

th
or

’s
w

or
k

fr
om

R
ef

.[
1]

,r
ep

ro
du

ce
d

w
ith

pe
rm

is
si

on
fr

om
W

ile
y.

M
at

er
ia

l
C

he
m

ic
al

E
as

y
ax

is
λ

ea
sy

λ
S

M
0

T C
M

S
ρ

fo
rm

ul
a

(s
tr

uc
tu

re
)

/1
0−

6
/1

0−
6

/M
A

m
−

1
/K

/M
A

m
−

1
gc

m
−

3

Ir
on

Fe
(α

)
<1

00
>

(b
cc

)[
38

]
15

[3
9]

-7
[3

9]
1.

71
[3

9]
10

44
[3

9]
1.

76
[3

9]
7.

3
[4

0]
(T

=
0

K
)

C
ob

al
t

C
o

<1
00

>
(h

ex
)[

39
]

-
-6

0
[3

9]
1.

44
[3

9]
13

60
[3

9]
-

8.
9[

26
]

N
ic

ke
l

N
i

<1
11

>
(f

cc
)[

39
]

-2
4

[3
9]

-3
5

[3
9]

0.
48

8
[3

9]
62

8
[3

9]
-

8.
9

[4
0]

M
et

gl
as

Fe
81

B
13

.5
Si

3.
5C

2
-

31
[3

9]
31

[3
9]

1.
27

[3
9]

64
7

[4
1]

1.
61

[4
1]

7.
3

[1
09

]
26

05
SC

G
al

fe
no

l
Fe

81
G

a 1
9

<1
00

>
(b

cc
)[

11
0]

39
5

[1
11

]
40

0
[1

12
]

-
97

3
[1

11
]

1.
35

[1
11

]
7.

8
[1

13
]

Te
rf

en
ol

–D
T

b 0
.3

D
y 0

.7
Fe

2
<1

00
>

(t
et

)
10

0
20

00
[1

14
]

-
65

3
[1

14
]

0.
84

[1
15

]
9.

3
[1

16
]

/<
11

1>
(r

ho
m

)[
53

]
/1

64
0

[1
17

]



22 Introduction

Strong ME coupling is determined by unimpeded domain motion and high λhkl [78].
Out of the ferromagnetic room temperature elements, Co exhibits the largest λhkl but this is
very small compared to Terfenol–D; the alloy with the largest reported λhkl. It is however
relatively expensive and difficult to machine [118]. Metglas has a maximum q33 four times
larger than Terfenol–D because of its small HHH at which it saturates, even though the latter has
a higher λhkl [119] which makes it a more attractive material for device applications [119].

The concept of the giant ME effect was established to class materials that have a particular
high ME coupling, although there does not appear to be a quantitative value for αE

ij for when
a material demonstrates this effect. Soft ferrites with high initial µµµ and λhkl are the main
components for giant ME effects [78]. Silva et al. claim that laminated composites of
magnetostrictive and piezoelectric layers glued together show αE

ij of up to 1000 times larger
than any other type of ME materials and therefore designate this to the giant ME effect [119].
Further comparison of the ME coupling in terms of αE

ij is given in Section. 1.4.4 alongside
the discussion of ME composite devices.

1.1.3 Functionality at the Nanoscale

The functionalities discussed in this section are intrinsic material properties that are affected
by the size, structure and crystallinity of the material. As the size of a nanostructures de-
creases, the surface–to–volume ratio increases and an increasing number of atoms locate at
the surface. These surface atoms then tend to dominate the performance of the material be-
cause their coordination is different from the atoms in the bulk of the structure [48]. The NW
geometry is particularly attractive in this respect as they have been theoretically [120] and ex-
perimentally [121, 122] shown to exhibit enhanced elastic and piezoelectric properties [123].
In particular, theoretical [124–128] and experimental [123] studies have suggested that the
bulk value of d33 will vary from the equivalent NW value due to their surface–like nature – it
increases as the NW diameter decreases, and the Young’s modulus (Y ) decreases [123]. In
fact, it has been predicted that with NWs of diameters < 5 nm, d33 is expected to increase
by ∼ 50 times in ZnO and ∼ 200 times in gallium nitride (GaN) using density functional
theory calculations [127]. Experimentally, for NWs with diameters > 50 nm, d33 has been
shown to increase by ∼ 3 times in ZnO and ∼ 7 times in GaN [129]. Chang et al. found
that the energy conversion efficiency (χ) defined in Section 1.4.2, of PVDF fibres of ≈
1 µm is ∼ 10 times that of PVDF films of ≈ 30 µm [130]. The higher the aspect ratio of the
NW, defined as the length / diameter, means a higher surface–to–volume ratio which has
been shown to enhance electrical output power when incorporated into vibrational energy
harvesting devices [131, 132] and they tend to outperform bulk or thin film structures because
of the improved sensitivity to low–amplitude ambient vibrations and reduced fragility [133].
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Vibrational energy harvesting and devices are discussed in more detail in Section 1.4.1
and 1.4.2.

In terms of ME composites, often theoretically predicted values of αE
ij in heterostructures

like thin films are a lot higher than experimental values typically because of cracks and
impurities at the interface between the two phases [134]. In terms of magnetic materials,
surface magnetic anisotropy and surface SSSms occur in nanoscale systems rather than bulk,
from the fact that inhomogeneities in magnetic materials are of the same size as the nanos-
tructures and so they can overcome any limitations caused by the inhomogeneities [135]. The
large surface–to–volume ratio increases the interfacial surface area between the two phases
which increases the strain coupling and therefore the ME coupling [134]. They also provide
additional degrees of freedom in controlling the size, interface, and epitaxial strain to further
enhance the ME coupling [136].

In (1–1) ME composite NWs in particular, the thin piezoelectric shell can absorb all
of the magnetostrictive TTT rather than just the interfacial layer as is most likely the case in
bulk ME structures, and therefore larger magnetic moments are generated. The improved
mechanical contact at the interface increases the TTT transfer between the two phases and
substrate clamping is not an issue as it is in (2–2) composites [135]. In particular, theoretical
analysis has shown that ME composite NWs have ME responses orders of magnitude higher
than thin films [137] because of the relaxed substrate constraint [136].

1.2 Functional Nanowires and Nanotubes Growth Meth-
ods

This section gives an overview of typical fabrication methods used to grow the functional
nanostructures used in this work. Structural and crystalline properties of nanostructures
have been studied extensively using standard materials characterisation techniques such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM) and X–ray diffraction (XRD), and so these are not discussed here but
instead explained in Chapter 2, alongside the other experimental methods used in this work.

1.2.1 ZnO Nanowires

ZnO NWs can be grown via a wide range of techniques. Chemical vapour deposition (CVD)
is a process whereby a substrate is positioned in a vacuum chamber and exposed to vaporised
precursors, either by heating or reducing the pressure, which react with the substrate and
deposit onto it [138]. CVD from seeded substrates [139, 140] and hydrothermal synthesis
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(HS) [139, 141], where an aqueous solution containing the deposition material is contained
in an autoclave and crystal growth occurs at an elevated temperature or pressure or both [141]
have been used to grow ZnO NWs. They require high temperatures and pressures which lends
them to be either expensive or difficult to use and maintain. CVD, however, tends to more
easily produce single crystal NWs than the wet–chemical methods mentioned below [140].

Wet chemical methods are typically relatively low–temperature, low–cost, scalable, and
the least hazardous growth methods, as well as being effective at controlling size morphology
and material properties of the NWs. Within the wet chemical methods, electrodeposition
(ED) is possibly the simplest, requiring the lowest temperature and pressure, and thus
more cost–effective and scalable [142] as well as being compatible with flexible plastic
substrates. Within this range of methods, single crystal NWs with preferential orientation
of the c–axis aligned parallel to the long axis of the NWs have been realized by self–
assembly in alkaline solutions [143], hexamethylenetetramine aqueous solution growth [144],
seeded substrates [145, 146], template–free ED with varying electrolyte baths [147–149]
and epitaxial growth [150], amongst others. ED and template–assisted electrodeposition
(TAED) are explained in Section 2.1.1 because they are the techniques used in this work, and
explanations of how each of the other methods work can be found in the references provided.

NWs grown by ED are in general found to exhibit better crystallinity and piezoelectric
properties than those grown by other methods such as HS [151]. There are examples of
polycrystalline ZnO NW arrays in the literature, grown via TAED in both anodic aluminium
oxide (AAO) [152–155] and, more recently, polycarbonate (PC) nanoporous templates [156],
with various crystallographic orientations. In comparison, there are limited examples of
single crystal c–axis ([002] axis) orientated TAED NW arrays although it has been shown in
AAO [157] and in PC [158], and also with a growth direction perpendicular to the (101) [159]
plane or no preferred orientation [160]. Both commercially available and laboratory prepared
nanoporous templates have been used, with the latter having less defects and more uniformity
of pore sizes and spacing which leads to more crystalline and uniform NW arrays, because
the pore surfaces can affect the crystallinity and orientation [158]. The aspect ratio varies
depending on the growth method used and the crystallinity of the NWs. Of the examples
mentioned above, they vary between 1 – 1250, with most at the lower end of 1 – 40,
particularly for the single crystal NWs.

1.2.2 Ferroelectric P(VDF–TrFE) Nanowires and Nanotubes

Fabrication of perovskites or other piezo–ceramic NWs typically requires slow, high–
temperature, expensive fabrication processes such as CVD. PVDF [130, 161–163] and
its copolymers eg. P(VDF–TrFE) [7, 164–166] have gained interest in this field because they
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are lead–free, biocompatible, flexible, robust, lightweight, and there are easy and low–cost
fabrication processes available [167].

Electrospinning [130, 163, 164] and nanoimprinting [168–170] are techniques which
have been used to fabricate polymer NWs and NTs particularly PVDF–based polymers. Elec-
trospinning is the most common fabrication method used for these polymer nanostructures,
when applied to vibrational energy harvesting devices [171], but it is difficult to produce
aligned nanostructures with uniform size distribution [13] in this way. A high V of ∼ 10 kV
is applied across a syringe containing the polymer solution so that the solution accumulates
at the edge of the nozzle at one end of the syringe. Electrostatic repulsion and surface tension
compete until the repulsion is large enough and a jet of the solution is ejected from the nozzle
onto a grounded substrate, solidifying on the way. Nanoimprinting is the process of using
a mould with nanoscale patterns and pressed at elevated temperature and pressure onto a
spin–coated polymer film [13]. The mould is typically made from silicon (Si) and patterned
by a lithography technique.

Both of these methods require either high V or high temperature or pressure environ-
ments. Solution, template–based wetting methods have also been used to fabricate polymer
nanostructures such as solution–wetting using nanoporous templates [67, 65, 70]. These
methods are low temperature and simple and do not require any expensive high V sources.
Explanations of these techniques are given in Section 2.1.2.

1.2.3 Ferromagnetic Ni Nanowires

Ferromagnetic NWs, in particular Ni NWs which have been used in this work, can be
fabricated by a variety of methods. The more common methods include ED [172, 173],
template–assisted techniques like TAED [174–179] and sol–gel [180–182], focused electron
beam induced deposition [183, 184] and epitaxial growth by chemical vapour transport [185].
Sol–gel is a technique which uses a colloid containing nanoparticles (NPs) of the material
to be deposited, and after a series of processing steps including mixing, casting, gelation,
aging, drying and sintering, the NPs become interconnected [186]. Nanoporous templates
are used to promote NW growth in a similar fashion to TAED. Sol–gel has the benefit of
being solution–based but typically requires high temperatures in the final sintering step for
densification and to reduce porosity in the structures [186].

Focused electron beam–induced deposition uses the electron beam from SEM or scanning
transmission electron microscopy (STEM) to dissociate a precursor material, which is
vaporised or sublimated to get it into the gas phase and injected into a high vacuum chamber,
and deposited onto a substrate [187]. High spatial accuracy, nm or less, and hence free
standing NWs can be made with this method, but it does require the use of high temperatures
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and pressures and a vacuum chamber. For single crystal and orientated NWs, epitaxial
growth by chemical vapour transport has been used to grow ferromagnetic NWs including
Ni. Epitaxial meaning both the substrate and the NWs are single crystalline and their atomic
distributions are matched [188]. In this method, a furnace is used to create a gas phase from
a solid material containing the material to be deposited, and it is transported and deposited at
the temperature at which the interfacial energy of the substrate is stabilized. NWs form on
the surface of the substrate at a low level of supersaturation [188]. Although the crystalline
quality is high and the NWs are orientated, this technique requires temperatures of > 1000
◦C to reach the gas phase.

Depending on the application, certain techniques can be more or less beneficial. The
growth of Ni NWs via TAED, in this work, has been for application in ME composites and
so the following section provides more details about growth techniques for ME composites,
excluding TAED and template–free ED which are explained in Section 2.1.1.

1.2.4 Polymer Magnetoelectric Composites

The ME composites studied in this work are based on Ni and P(VDF–TrFE). The growth
methods of these materials as well as other ferromagnetic / ferroelectric nanostructures
has just been introduced and so this section provides examples of the different ways of
fabricating polymer–based ME composites, typically PVDF–based, as well as a comparison
of the methods used for non–polymeric ME composites.

The choice of growth method depends on the structure of the composites, in particular,
whether it is nanostructured or not. In reference to Fig. 1.11, the most common form
of ME composite that has been fabricated to date is the (2–2) laminate structure with
varying thicknesses of the two phases. For µm – mm thick polymer–based ME composites,
interfacial epoxy bonding is most commonly used to fix the two phases together [119].
P(VDF–TrFE) films having been fabricated by sol–gel synthesis [189], poly(vinylidene
fluoride–co–hexafluoropropylene) (P(VDF–HFP)) by drop–casting, drying, stretching and
annealing [3] and PVDF purchased commercially [4, 112]. Metglas, an amorphous alloy of
Fe, Co, Si and boron (B), is a common material choice for the magnetostrictive phase in (2–2)
laminate composites and has been used in combination with PVDF–based polymers in ME
composites. It is typically fabricated by rapid solidification such as single roller quenching
like melt–spinning [4, 112], and commercially available Metglas 2605 SA1 is commonly
used [3]. Melt–spinning involves the use of liquid metal, after being melted by an induction
furnace and pressurised, it is injected onto a cold rotating drum and cooled with extreme
speed of 106 K s−1 [190]. Rapid solidification is an attractive method because it produces
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unique magnetic properties that allows the Metglas to be magnetized and demagnetized
quickly and effectively, with very low HHHC and MMMS, and high µµµ [191].

All of the above examples use epoxy bonding and µm thick films. The deformation is
attenuated in the epoxy layer however and so improved ME coupling occurs if the bonding
layer is removed and the piezoelectric polymer is directly deposited onto the magnetostrictive
film [119]. Kulkarni et al. used spin–coating to fabricate a 1.3 µm thick P(VDF–TrFE) film
onto Metglas 2605 SA1 ribbons [192], but this method is rarely used. Spin–coating and
drop–casting methods are briefly explained in Section 2.1.3 as these are methods which have
been used in this work.

Zheng et al. were the first to fabricate a nanostructured ME composite, they fabricated
CFO nanopillars in a BTO thin film matrix i.e. a (1–3) composite [193]. Since then, (0–
3) and (1–3) composites with just one component nanostructured and where both forms
are nanostructured, (0–1) and (1–1), have been fabricated, most of which are CFO–BTO
composites. In order for the BTO to be in its piezoelectric form however, whether sol–
gel or HS is used, it has to be calcined at 650 ◦C – 1300 ◦C. Composite NWs have been
fabricated using electrospinning [194] in a variety of forms such as a random mix [195], (1–
1) [196, 197] and Janus particles using PZT, and Co / Ni ferrites. This process for ceramics,
is then followed again by a high temperature calcination step and has been used to grow
(1–1) CFO–BTO NWs with a BTO shell and a CFO core [198].

Polymer–based nanocomposites with (0–3) and (1–3) structures have been fabricated by
spin–coating and drop–casting after dispersing NPs or NWs in a polymer solution. Some
examples are: (0–3) 0.9 BFO – 0.1 sodium niobate (NaNbO3, NNO) NPs in a P(VDF–TrFE)
matrix by spin–coating [199], (0–3) CFO – PVDF by drop–casting [200], (0–3) CFO –
P(VDF–TrFE) by drop–casting [201] and (0–3) Ni0.5Zn0.5Fe2O4 (nickel zinc ferrite, NZFO)
– P(VDF–TrFE) by drop–casting [202]. Agglomeration is one of the most common problems
in these types of nanocomposites because of the magnetic nature of the nanostructures [78].
In the (1–3) form in particular, αE

ij is related to the percolation threshold and surfactants
can be used to coat the NWs. This improves αE

ij by improving how well the NWs are
dispersed and can increase the maximum NW concentration, but at the same time it creates
an inactive interfacial layer, thus having both advantages and disadvantages in terms of ME
response [191].

(1–3) Ni – P(VDF–TrFE) ME composites have been fabricated by drop–casting [203, 204]
and drop–casting with added pressure [205]. Electrospinning has also been used to fabricate
(0–1) CFO – PVDF [206] and (0–1) Ni – PVDF [207] composites. The fabrication of (1–1)
Ni – P(VDF–TrFE) NWs by hot pressing (270 ◦C at 50 MPa) a P(VDF–TrFE) film into
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AAO templates followed by ED of Ni has been reported, but not in the context of ME
composites [208].

Polymers have also been used as a binder material between the two phases and this was
first demonstrated by Nan et al. [209] with a Terfenol–D alloy, PZT and PVDF. The particles
were blended together and molded into discs at 190 ◦C under 10 MPa of pressure. These
types of composites require simple fabrication techniques and produce flexible structures but
offer no other clear significant advantages [40].

1.3 Nanoscale Scanning Probe Characterisation

Scanning probe microscopy (SPM) of functional materials is a useful way of visualising
the functionalities at the surface or nanoscale. Importantly, it can provide quantification
of certain material properties such as dij, αE

ij and αC
ij . The specific techniques such as

AFM, piezoresponse force microscopy (PFM), Kelvin probe force microscopy (KPFM)
and magnetic force microscopy (MFM) are explained in Section 2.4 alongside the other
experimental methods, and this section introduces some key examples from the literature in
terms of what has been achieved so far in measuring piezoelectric ZnO NWs and various ME
composites via SPM.

1.3.1 Piezoresponse Force Microscopy on ZnO Nanowires

In comparing piezoelectric materials, although kij is a more thorough parameter to use,
measurement of this on the nanoscale is difficult because it requires measurements of dij as
well as gij, εT

ij and sE
ij or finding a suitable method of directly measuring it. In general, dij

is used instead and PFM has been used to measure d33 of ZnO NWs. Zhao et al. measured
individual ZnO nanobelts on their (001) surface laying flat and measured d33 ≈ 14.3 pm V−1

– 26.7 pm V−1, higher than its bulk counterpart ≈ 9.9 pm V−1 [129]. Fan et al. measured
ZnO NWs of ≈ 300 nm diameter and found d33 ≈ 7.5 pm V−1 [210]. In this study, the
AFM cantilever was in contact with the top of the NWs on the (001) surface, as opposed to
laying flat. ZnO NWs with diameters of 150 nm – 500 nm and length 400 nm – 600 nm were
reported by Scrymgeour et al. to have a d33 in the range 0.4 pm V−1 to 9.5 pm V−1 [211].
Tamvakos et al. quote a d33 value of 11.8 pm V−1 on ZnO NWs which was an increase of ≈
18 % compared to bulk [212], and more recently, Fortunato et al. reported ZnO NW films
with d33 of 7.01 ± 0.33 pm V−1 [213].
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It is clear from the variation in the values that uncertainties in PFM measurements are
difficult to obtain and so the quantitative measurements are often approximations. In addition
to this, the measured d33 value depends on the size and crystallinity of the NWs.

1.3.2 Magnetic Force Microscopy and Piezoresponse Force Microscopy
on Magnetoelectric Composites

The majority of SPM studies on ME composites found in the literature have focussed on PFM
to measure the piezoresponse of the sample, whilst an externally applied HHH triggers an ME
response. For example, Zhu et al. measured (1–1) CFO – BFO NWs [136] and Xie et al. (1–
1) CFO – PZT NWs [196] and Carunta et al. measured (2–2) thin film lead titanate (PbTiO3,
PTO) – NFO and PTO – BFO composites [214] with this method and mapped the change
in piezoresponse [136]. In (2–2) laminate composites, accurate measurement of the ME
coupling is challenging because the effect is weakened by substrate clamping and parasitic
effects such as interfacial polarisation leakage [214]. This is aside from knowing whether
the measured signal is purely from the ME effect or whether there are contributions from
thermal effects, electromagnetic induction or magnetoresistance of the magnetic phase [214].

The converse ME coupling can also be measured by observing the magnetic domains in
MFM images before and after poling. Carunta et al. used this method [214] and Karpinsky et
al. measured a barium hexaferrite (BaFe12O19) – BTO (3–3) particulate composite in this way
and concluded that the changes in the magnetic signal were caused by magnetic interactions
and magnetic anisotropy, which led to broadening of magnetic domain walls [215]. They
also observed shifts in the MFM peak signals before and after poling, because of changes in
the sizes of magnetic domains caused by reduction in the magnetic free energy [215].

Bai et al. [2] measured CFO – BTO (1–3) composites in this way, but adjusted the method
by adding a step to eliminate any electrostatic interactions encountered during the MFM
measurements. They used a grounded AFM tip in a raster motion over the surface of a
top gold (Au) electrode several times to remove surface charge before performing the final
MFM measurement [2]. Fig. 1.12 is a figure taken from this study, which demonstrates the
difference in MFM images before and after poling and the subtracted images.

Two–way ME coupling has been demonstrated by Xie et al. in a PZT – TbDyFe (TDF)
(2–2) composite [216]. They observed that under application of an external HHH, the switching
of the ferroelectric domains was not 180◦ switching which they deduced was due to the
mechanical TTT of the PZT layer on the TDF layer [216]. In the reverse case when the
composites were poled, they observed that neighbouring magnetic domains tended to connect
and form continuous strips. SSS has been shown to cause elongation, branching, bending and
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Fig. 1.12 Two examples of magnetic force microscopy images of a CFO – BTO (1–3)
magnetoelectric nanocomposite where (a), (d) are the images before poling, (b), (e) after
poling and (c), (f) the two images subtracted. E is electric field in this case. This figure
is taken from Ref. [2] and reproduced with permission from IOP Publishing (scale bar not
reported).
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curving of magnetic domains [217] and so this was consistent with that observation. They
also observed sharper magnetic domain boundaries which suggests that under an external EEE
applied out–of–plane, in–plane MMM rotates to out–of–plane from the in–plane TTT [216].

To the best of the author’s knowledge, the only work on polymer–based ME NWs to
date is the study by Martins et al. [206] who observed a linear change in the piezoelectric
response of CFO – PVDF (0–1) NWs using PFM in the presence of an external HHH [206].

Quantitative measurement of αE
ij is possible from PFM measurements whilst externally

applying HHH and various models have been used, the details of which can be found in each
of the references which follow. Caruntu et al. measured αE

33 to be 284.3 mV cm−1 Oe−1

and 139.4 mV cm−1 Oe−1 for PTO – NFO and PTO – BFO (2–2) thin film composites
respectively and 562.1 mV cm−1 Oe−1 for an epitaxial BTO – CFO film [214]. Karpinsky et
al. measured αE

33 to be 0.1 mV cm−1 Oe−1 for a BFO – BTO particulate (3–3) composite
film in a 50:50 ratio [215]. Zhang et al. theoretically calculated αE

ij to be ∼ 100 times higher
in (1–1) CFO – PZT NWs than in a thin film equivalent [137]. Xie et al. measured αE

31 to be
2.95 x 104 mV cm−1 Oe−1 in (1–1) CFO – PZT NWs [196] and Zhu et al. measured 250
V cm−1 Oe−1 in (1–1) CFO – BFO NWs [136]. It is difficult to compare these αE

ij values
because of the differing methods used to calculate them and insufficient error analysis, but in
general the NWs have significantly larger values than the (2–2) laminate films.

Measurement of αC
ij from MFM measurements after poling is less commonly seen, but

Bai et al. measured αC
33 to be 4.9 x 10−9 s m−1 which translates to 1.2 V cm−1 Oe−1 [2] on

CFO – BTO (1–3) composites.

1.4 Piezoelectric and Magnetoelectric Energy Harvesting
and Sensing

Energy harvesting and sensing is the context in which nanostructured piezoelectric and ME
materials have been studied in this work. This section explains how these materials can
be applied to energy harvesting and sensing devices and the different ways in which these
materials and devices have been characterised in the literature to date.

1.4.1 Vibrational Energy Harvesting and Sensing

Overall, piezoelectric energy harvesting is the most reliable and scalable of the different
energy harvesters at the micro and nano scale [218], and a list of some examples of vibration
sources is included in Table 1.3.
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Table 1.3 A list of some examples of vibration sources [11].

Human Body Vehicles Structures Industrial Environment

Breathing Aircraft Bridges Motors Wind
Blood pressure UAV Roads Compressors Ocean

Exhalation Helicopter Tunnels Chillers Currents
Body heat Automobiles Farm houses Pumps Acoustic
Walking Trains Control–switch Fans waves

Arm motion Tires HVAC systems Conveyors
Finger motion Tracks Ducts Cutting

Jogging Peddles Cleaners and dicing
Swimming Brakes Vibrating

Eating Shock absorbers machines
Talking Turbines

Once a NG is designed to capture energy from one or a number of these vibration sources,
it is possible to use them for a wide range of applications such as structural health monitoring
and repair systems where piezoelectric actuators and sensors in beams, plates and pipes
are used for early detection of defects and damage in a structure. In this instance it is
important that the device is robust, non–destructive and self–powered in order to replace
wave propagation based methods which are currently used [219]. Other potential applications
include a range of wireless sensor nodes such as non–invasive monitoring of the human body
like the glucose level or disease detection in the blood, monitoring inaccessible locations to
monitor the environment or industrial machines, gas sensors, bone–loss monitors, pacemakers
or hearing aids [220].

1.4.2 Piezoelectric Nanogenerators

Before 2006, the field of piezoelectric generators was based on macro (> cm) and micro
(µm – mm) scale systems in terms of both the material structures and the fundamental
operating principles [221]. The move towards the nanoscale started with work by Wang et.
al. and ZnO NW–based NGs [79, 222]. ZnO is the most widely used piezoelectric material
to have been used in NGs [79, 222–230] and there has been a range of devices published
with different geometries and architectures. These include single NWs [223], vertical NW
arrays [222, 224], lateral NW arrays [225], template–based NT / NW arrays [231, 141] and
other morphologies [226, 232]. ZnO NWs have also been studied for applications in solar
cells [233, 234] and gas sensing [235].
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Other semiconductors which have been used in NGs include GaN [236, 237], cadmium
sulfide (CdS) [238], indium nitride (InN) [239] and zinc sulphide (ZnS) [240], some of
which have been shown to power light emitting diodes (LEDs) [225], liquid crystal displays
(LCDs) [228] and wireless data transmission [224]. Perovskite materials such as PZT [39,
133, 241–246] and lead–free BTO [247–252] have also been used.

With regard to PVDF and P(VDF–TrFE) NT / NW–based NGs, there are examples in the
literature of PVDF NWs fabricated by electrospinning and implemented into NGs [130, 161,
163, 253, 254] and PVDF nanoporous arrays fabricated by a template–assisted method [162].
Electrospinning has also been used to fabricate P(VDF–TrFE) NWs for NGs [164, 165, 171]
and more recently template–assisted melt–wetting techniques have been used for both
NT [166] and NW–based NGs [255] and NWs via template–assisted solution–wetting [7].

For improved electromechanical coupling and hence energy conversion, when selecting a
piezoelectric material to use for a NG, as well as considering intrinsic material properties such
as those discussed in Section 1.1.2.5 and the nanostructuring of the piezoelectric material
making it more flexible and robust [133], the mode of excitation of the NWs is key to the NG
design. Espinosa et al., for example, found that bending a NW rather than loading uniaxially
produces more pronounced size–dependence [123] in terms of the enhanced mechanical
and electromechanical properties. The mode of excitation of mechanical excitations should
therefore be taken into account when comparing devices and so Crossley et al. defined
strain–driven (ηS) and stress–driven (ηT) vibrational energy harvesting coefficients which do
this [12]. They also found that the ceramic NW based NGs are more promising for strain–
driven NGs (SNGs) whereas the polymer equivalents are better suited to stress–driven ones
(TNGs). Composite NW–based NGs were found to be a special case of stress–driven NGs
where superior electromechanical coupling is found at ambient frequencies which are much
lower than the intrinsic resonant frequencies but within the range of that of the composite.
One other important point made here is that, originally the high resonant frequencies of NWs
(∼ 10s of MHz) was thought to be barrier to the NG performance which rely on ambient
vibrations (< 1 kHz) but they prove here that it is not the case.

There is not one figure of merit used across the field which allows us to directly compare
NG performance and typically authors quote output V , I, power and power density (Pd).
These values do not fully represent the device performance, particularly if the open–circuit
voltage (Voc) and short–circuit current (Isc) are measured and used to demonstrate the power
capabilities of the device. This is why it is useful to calculate χ of the NG as defined by
Eqn. 1.21 [12]:
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χ =
electrical work performed by the piezoelectric element

net energy supplied to the element
(1.21)

This can be estimated from Eqn. 1.22:

χ =
g2

ijDsc

EocsE
ij

(1.22)

where Dsc and Eoc are the short–circuit electric displacement field and the open–circuit
electric field, when losses are excluded [12, 141]. ηT and ηS are then defined by Eqns. 1.23
and 1.24:

ηT = χsE
ij (1.23)

ηS =
χ

sE
ij

(1.24)

A device efficiency is an additional mode of comparison and is defined by Eqn. 1.25:

χ
′ =

electrical work performed by the device
net energy supplied to the device

(1.25)

The details of these calculations can be found in Refs. [12, 141] and examples of the
above figures of merit are given in Table 1.4.

Considering ZnO; the size, morphology and crystallinity of ZnO NWs are determined by
the exact growth mechanism [142]. For ZnO in the hexagonal wurtzite structure, this also
affects the orientation of the c–axis. This is the perpendicular axis to the high surface energy
polar faces (002) and (002̄). This effects the k2

ij value and so in turn effects the final NG χ ′.
As the 33 component of dij, gij and therefore kij is the highest for ZnO, it is the c–axis aligned
along the long axis of the NW which is most desired for NGs based upon compressive stress
rather than bending the NWs along their length.

ZnO is prone to environmental degradation and mechanical failure and there have been
reports on the use of surface passivation to reduce these problems and hence improve the
piezoelectric performance [57, 82, 257]. Although there have been numerous reports on ZnO
NGs, their fatigue performance is seldom reported. To the best of the author’s knowledge,
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Table 1.4 Comparison of nanogenerator performance in ZnO, PZT, PVDF and P(VDF–TrFE)
devices [12, 13]. The different modes of excitation, flex and impact mode, are defined in
Section 2.5.2.

Material ZnO ZnO ZnO PZT PVDF PVDF P(VDF–TrFE)

Mode of Flex Impact Impact Impact Flex Impact Impact
excitation

NW diameter 4000 100 250 500 600 183 200
/ nm – 6500

Device length 200 10 12 5 100 140 60
/ µm – 600

Device area – 225 300 6 – 200 157
/ mm2

Voc 0.035 35 0.04 0.7 0.01 6 3
/ V – 0.15

Nominal 5.2 5 4.2 18 12.5 7.9 11
χ / % – 13.6

ηS 2 1.5 1.22 7.8 0.18 0.20 0.27
/ GJ m−3 – 0.34

ηT 1.3 1.7 1.45 4.1 89 31.6 44
/ pJ m−3 Pa−2 – 54.4

Reference [223] [227] [141] [256] [130] [253] [7]
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Fig. 1.13 An illustration of the interactions involved in magnetic energy harvesting and
sensing with a magnetoelectric (ME) composite device. When a ME composite device is
placed in the vicinity of an ac magnetic field, such as near electronic devices transmitting
electromagnetic signals or current carrying wires in electricity pylons, the magnetostrictive
component of the device will lengthen or shorten. This results in strain which is coupled
to the piezoelectric component therefore inducing the direct piezoelectric effect and so a
voltage is generated across an external electrical load. The device can be used as a magnetic
field sensor or an electronic device can then be powered directly or the energy can be stored.
This figure is taken from the author’s work from Ref. [1], reproduced with permission from
Wiley.

there have been two reports which do [141, 258], aside from the author’s work. One of the
aims of this work was to develop ZnO NW–based NGs with good fatigue performance.

1.4.3 Magnetic Energy Harvesting and Sensing

The concept of magnetic energy harvesting and sensing is summarised in Fig. 1.13.
For use in ME sensors, ME composites are attractive because they can be both active and

passive sensors and if they are active, they can be powered with energy from the environment
that is usually wasted. They can also detect both constant and alternating fields and be
used in both dc and ac circuits and have the potential to replace existing magnetic field
sensors in medical technology such as magnetoencephalography, magnetocardiography,
heart beat monitors, as well as in locating submarines, weapons position systems, weather
prediction, archaeology, hazard warning systems, plate tectonics and radio wave propagation
and planetary exploration [111]. ME composites have also been used in multifunctional
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devices such as electric–write magnetic–read memory devices and more recently wireless
energy harvesting where both sensing of magnetic fields and energy harvesting is performed
by scavenging stray magnetic fields as well as mechanical vibrations [53, 113].

There are some technical difficulties associated with using ME materials and devices
for practical uses including equivalent magnetic noise in the absence of a magnetic field,
power consumption, frequency bandwidth, range of operation, effective working temperature
range and spatial resolutions [25–27, 113]. Magnetoencephalography, for example, requires
a frequency range of 10 mHz to 1 kHz whereas most studies look at 1 Hz – 1 kHz, and so
in order to study such low frequency response, the readout electronics as well as the ME
composite devices have to optimized accordingly [259].

Currently, the lifetime of wireless sensor nodes is limited by the size and accessibility of
their batteries. For example, consider the wireless sensor node, MICAZ, which consumes
on average 2.8 mW and has dimensions 5.8 cm x 3.2 cm x 0.7 cm [115, 116]. If you were
to power this node with two AA batteries which each have energy densities of 1833 Jcm−3

and volumes 8.1 cm−3 [260], it would last approximately 122 days if continually consuming
energy at its average power rating. A lifetime of around four months is not desirable for
structural / environmental monitoring applications where nodes are positioned in inaccessible
places. Alternative power sources which do not limit the size and have a longer lifetime would
be preferable [11]. This is another example where scavenging energy from stray magnetic
fields is advantageous, particularly in light of the shrinking size of modern electronic devices.
The power requirements of wireless sensor nodes are gradually decreasing as integrated
circuit, complementary metal–oxide–semiconductor and networking technology improves,
but nodes need to be as small as possible if they are to be conveniently positioned. This puts
an upper limit on their lifetime. Typically low power nodes require ∼ 100 µW of power and
sense up to 10 m [261–263] but Tabesh et al. recently reported a power harvesting radio of
mm dimensions which only requires 1.5 µW of power and has a communication range of 50
cm [264]; an example of how the power requirements of sensor nodes are dropping.

1.4.4 Magnetoelectric Composite Devices

In Section 1.2.4, different types of ME composites were discussed in terms of their growth
methods into different composite structures. A ME composite material becomes a device
by attaching electrodes to either side of the piezoelectric phase and the performance of
the devices is compared by measuring αE

ij . This depends on the material properties of the
individual components as well as thickness, orientation and applied HHH. αE

ij is typically
measured by placing the device in the centre of two pairs of coaxial Helmholtz coils or a
pair of electromagnets and a pair of Helmholtz coils which provide a net magnetic field of



38 Introduction

H = Hdc +Hac where Hdc ≫ Hac. The ME V is induced in a small pickup coil and converted
to αE

ij by dividing by the thickness of the piezoelectric phase / the electrode separation
and Hac. Further detail of this experimental set–up is given in Section 2.5.4 as a similar
configuration is used in this work.

Figs. 1.14a and 1.14b are examples of a Hdc sweep and a sweep of the frequency of Hac re-
spectively for a transversely poled P(VDF–HFP) film glued onto the central part of a Metglas
2605 SA1 sheet to make a two–layer (2–2) ME composite [3]. The results show typical ME
behaviour where αE

ij in the Hdc sweep follows the qij dependence before saturation and the
change in qij increases with αE

ij . This dependence varies between different ME composites
and is affected by substrate clamping [191]. αE

ij shows no frequency dependence, except
when the mechanical resonance of the device matches the Hac frequency and magnetoelastic
resonance occurs [191]. This resonant frequency ( fr) is defined below in Eqn. 1.26, and
occurs when the ME coupling is maximum.

fr =
1

2L
·

√
Y
ρ

(1.26)

where L is the device length and ρ is the mass density. The shorter the device, the higher
the fr.

Lasheras et al. [4] fabricated three ME devices of different lengths but all of the same
structure; a trilayer laminate of a commercially available PVDF film sandwiched between
two amorphous ribbons of Fe64Co17Si7B12 fabricated by the melt–spinning technique. Each
layer was bonded together using epoxy. Fig. 1.14c shows the variation of αE

ij with Hdc. On
average αE

ij decreases with length but the shift in the peak towards lower Hdc occurs as the
device length gets longer. The latter effect is due to the demagnetising field which increases
as the device gets smaller.

Table 1.5 compares measured αE
ij values of various ME composite devices and whether

they were measured at resonance or not. Most often the peak resonance value is given as it is
not possible to compare αE

ij values off resonance to on resonance. The direction of PPP in the
piezoelectric component and the applied Hdc is often not specified but they are assumed to
be parallel in most cases and so it is αE

33 which has been measured.
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(a) (b)

(c)

Fig. 1.14 (a) dc magnetic field sweep (Hdc) and (b) ac magnetic field frequency sweep of the
magnetoelectric (ME) coupling coefficient (denoted here as αME) from a (2–2) P(VDF–HFP)
– Metglas 2605 SA1 composite. These figures are reproduced from Ref. [3] with permission
from Wiley – VCH Verlag GmbH & Co. KGaA. (c) αME vs. Hdc for three ME devices
made from a PVDF film sandwiched between two amorphous ribbons of Fe64Co17Si7B12
of different lengths. This figure is reproduced from Ref. [4] with permission from IOP
Publishing.
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Greve et al. fabricated a ME thin film composite of FeCoSiB / aluminium nitride (AlN)
deposited on Si cantilever beams and measured αE

ij to be 1800 V cm−1 Oe−1 at a resonance
of 330 Hz in air [270]. This is significantly higher than any other αE

ij reported because they
shifted the electromechanical resonance down to a low frequency where air damping is less
than at high frequencies. This was achieved by using a trenched cantilever geometry and
demonstrates that a high ME coupling can be achieved not just through material composition
and composite structure but also through device geometry and architecture.

Although most laminates use an epoxy to bind the two phases, Kulkarni et al. [192]
directly spin–coated a P(VDF–TrFE) thin film onto a Metglas substrate without an adhesive
between the piezoelectric and magnetostrictive materials. αE

ij was measured to be 850 V
cm−1 Oe−1 when the device was attached to a clamped cantilever and measured at its
fundamental bending mode resonance of 27.8 Hz [191].

For (2–2) laminate composites, the lower the transversal aspect ratio between the piezo-
electric and magnetostrictive phases, the better the ME performance [119, 271], so when
the areas of the two phases are equal, the ME response is largest. There is some dispute to
whether two–layer or three–layer structures perform better, for example, Silva et al. found
that two–layer PVDF / Metglas showed a higher αE

31 than a three–layer PVDF / Metglas /
PVDF [119], whereas most studies report the opposite conclusion.

It is possible to provide the dc field using a small permanent magnet but if αE
ij is measured

without a dc bias [268] and a non–zero value is recorded, this means an additional permanent
magnet is not needed in the final device. These are known as self–biased ME composite
devices.

1.4.5 Magnetoelectric Composite Energy Harvesters and Sensors

There have been several ME composites implemented into energy harvesting devices based
on commonly used ferromagnetic materials and piezo–ceramics, such as Terfenol–D and
PZT [272], Terfenol–D and PMN – PT [273], Ni – manganese (Mn) – gallium (Ga) and
PZT [37], Fe – Ni alloy and PZT [14], Ni–plate and single crystal fibre composite (SFC) [268],
to name a few. The reported power outputs vary between a few µW to a few mW in some
cases. The magnetostrictive – piezoelectric – magnetostrictive configuration in ME laminates
is typically used in sensing applications because of its higher magnetic sensitivity, and
the piezoelectric – magnetostrictive – piezoelectric configuration is often used in energy
harvesting due to its higher ME response [119]. In all the above examples, the piezoelectric
component of the ME composite contains lead, which is a known neurotoxin and is environ-
mentally unfriendly. Ferroelectric polymers are thus an attractive and viable alternative that
can be both bio–compatible and lead–free and as previously mentioned, are less susceptible to
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mechanical failure due to their inherent flexibility and low elastic moduli [8], leading to better
fatigue performance [274, 275]. Thus far, the typically low αE

ij values in polymer–based
composites have inhibited their use in energy harvesters, however, recent reports on Metglas
– PVDF devices [35, 4] have shown comparable αE

ij in these composites, thus paving the way
for more sustained efforts in this area in the future.

Table 1.6 compares the energy harvesting results of the same set of devices from Table 1.5,
where data was available. In most cases, Hac was used to induce a V across a resistive load
connected to a device and hence the normalised magnetic power density (PM) was inferred.
In a few cases, the combined effect of vibrational and magnetic energy harvesting was
measured and hence a normalised magneto–vibrational power density (PMV) was inferred.
These devices are known as magneto–mechano–electric energy harvesters. In one case, the
vibrational effect was also measured on its own and so the normalised vibrational power
density (PV) was inferred. The power peaks at resonance because αE

ij does and so in most
cases the power at resonance was measured.
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Chin et al. demonstrated for the first time the feasibility of wirelessly harvesting power
from biomechanical motion using flexible magnetostrictive Terfenol–D ribbons [53]. Their
device achieved a maximum output power of 66.7 pW cm−2 and 1.03 µWcm−3 at a driving
frequency of 30 Hz. 30 Hz was used because this is around the frequency of winged species
flapping. This prototype power output could be used for an implantable cardioverter defib-
rillator, as medical implants run indefinitely on local power sources [53]. Magnetostrictive
vibrational energy harvesters can supply mW of power which is sufficient for powering
portable electronics [276–278].

Most studies of ME detection involve direct measurements, with the sensor or energy
harvester directly connected to a lock–in amplifier or an oscilloscope. The readout electronics
for data acquisition are also important to optimise. The high output impedance and capaci-
tance of the piezoelectric phase requires specific circuits, such as charge amplifiers or voltage
amplifiers with high input impedance [259]. For conversion of ac signals to dc, there have
been some examples in the literature such as Lasheras et al. [4] who used a voltage multiplier
circuit and Reis et al. [35] who used a full–wave bridge voltage rectifier, Cockcroft–Walton
voltage multiplier circuit with one and two stages and Dickson voltage multiplier circuit with
two and three stages.

ME composites are poised to play a crucial role in the development of magnetic energy
harvesters as power solutions for autonomous electronic devices, for example in wireless
sensors for early fault detection in high–power transmission lines. The development of
cheap and durable ME composites is thus an important research avenue and polymer–based
composites are particularly attractive.

1.5 Thesis Objectives

This introduction has summarised the theories, materials, devices and applications relevant
to the results which follow in this thesis. NWs and NTs with different functionalities
including piezoelectric, ferroelectric, ferromagnetic and ME are an exciting research area
due to their potential impact in a broad range of fields, with the focus here on vibrational
energy harvesting, magnetic field sensing and energy harvesting. The functionalities of the
nanostructures are intrinsic material properties which vary on the nanoscale compared to
bulk and this is one of the reasons for their use in NGs and ME composite materials and
devices in this work.

This thesis aims to expand our understanding of piezoelectric NWs and ME nanocom-
posites in terms of their applicability for energy harvesting. It demonstrates that scalable
fabrication methods can be used to fabricate ZnO NW–based NGs with good energy har-
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vesting performance and suggests ways in which NGs could be compared through power
densities, efficiencies and fatigue testing, which is typically poorly demonstrated in the field.

It also provides a scalable and novel fabrication method for Ni – P(VDF–TrFE) core–shell
NWs and a novel SPM characterisation route to measure their converse ME coupling at the
nanoscale. Other composite structures are also studied and compared, where the aim is to
show that nanostructuring can improve the ME coupling. Preliminary energy harvesting
capabilities of the ME composites are provided in order to show how bulk ME coupling
occurs as well as nanoscale.

Throughout the thesis, the experimental methods are clearly laid out so that all of the
results should be reproducible. The following section provides the reasons for material
choices and the outline of what follows in the rest of the thesis.

1.6 Thesis Outline

ZnO was selected as a piezoelectric material to use because of its ease of growth into
nanostructures and its good electromechancial coupling properties. P(VDF–TrFE) was
chosen because of its flexibility and robustness compared to non–polymer ferroelectric
materials and because of the way in which it forms into its ferroelectric phase more easily
than PVDF. Ni was chosen as a ferromagnetic material also because of the simplicity of
growth via ED and compatibility with template–based growth. The vast majority of the
fabrication techniques used in this work are scalable or potentially scalable because of the
low temperature and pressure environments and the solution–based processes involved.

Chapter 2 provides an explanation of all of the experimental methods, both fabrication and
characterisation, used in this work. This includes advanced nanoscale characterisation, where
KPFM, PFM and MFM are used in a unique combination to probe NW functionality in detail.
Chapter 3 presents the results of ZnO NW growth including structural, crystallographic and
piezoelectric characterisation as well as energy harvesting measurements when incorporated
into a ZnO NW–based NG. The ZnO NW–based NGs developed here are shown to have
good fatigue performance as a result of the template–assisted growth used. Chapter 4 details
the growth methods of functional nanostructures: P(VDF–TrFE) NTs, Ni NWs and Ni –
P(VDF–TrFE) core shell NWs and their structural and crystallographic characterisation.
In particular, template–assisted growth is shown to be particularly suited to grow (1–1)
nanocomposite NWs. Chapter 5 presents the results of characterising ME composites based
on Ni and P(VDF–TrFE) in terms of their ferromagnetic properties and ME coupling with
both surface and bulk measurements. Some preliminary ME composite device results and
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energy harvesting measurement results are also included. Chapter 6 summarises the work
presented in this thesis and outlines possible future directions.





Chapter 2

Experimental Methods

This chapter provides an overview of the fabrication and characterisation methods used in the
following chapters. The details of specific sample fabrication and preparation are provided in
the relevant results Chapters: 3, 4 and 5 and the advanced nano–characterisation techniques
such as KPFM, PFM and MFM are described in detail here.

2.1 Fabrication

Each of the growth techniques used in this work, for both nanostructures and films, have
been selected because they are carried out at relatively low–temperature and pressure, and are
therefore cost–effective and potentially scalable compared to alternative or more traditional
growth methods mentioned in Chapter 1.

In this section, an explanation of all of the template–assisted growth techniques is
provided: (i) P(VDF–TrFE) NTs via solution–wetting, melt–wetting and vacuum–wetting,
(ii) Ni NWs via TAED and (iii) (1–1) composite Ni – P(VDF–TrFE) NWs via combined melt–
wetting and TAED. Drop–casting and spin–coating have also been used for the fabrication of
P(VDF–TrFE) films and the various ME composite films and thin films, and so the details
of those procedures are also provided. Finally, aerosol jet printing (AJP) has been used for
printing conductive lines for device electrodes and so this is also introduced.

2.1.1 Electrodeposition

Electrochemical deposition or simply ED, is the process whereby a material is deposited
onto a conductive substrate or surface, called the working electrode, whilst submerged in a
precursor solution, called the electrolyte, via the application of V or I between the working
and a counter electrode. It is technically possible to do this with a two–electrode cell i.e.
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a counter electrode and working electrode and a V / I source without measuring I / V but
generally an instrument called a potentiostat is used with a three–electrode cell. In this case,
I flows between the working and counter electrodes and the electrochemical potential of the
working electrode relative to a reference electrode is monitored [279]. This can be better
visualised by viewing Fig. 2.1a in reference to this explanation. The reference electrode
has a fixed and known potential and is typically a silver (Ag) / silver chloride (AgCl) wire
submerged in a saturated solution of potassium chloride (KCl) in water. There are many other
electrodes that can be used such as the standard hydrogen electrode, copper (Cu) / copper
(II) sulphate (CuSO4) and mercury (Hg) / mercury (I) chloride (Hg2Cl2), to name a few, but
the general principle is that the reaction of the metal with its salt in equilibrium provides a
reference potential. The counter electrode is usually a piece of platinum (Pt) foil.

There are two basic operating modes: potentiostatic and galvanostatic. In the former,
the working electrode potential is fixed relative to the reference electrode and I varies as
material is deposited. In the latter, I is fixed and the potential varies [279]. All of the work
presented here was performed with a potentiostat (VersaSTAT 4, Princeton Applied Research)
in chronoamperometry mode, which is equivalent to potentiostatic mode, with a standard
three–electrode cell using a double junction Ag / AgCl in saturated KCl solution reference
electrode (Sigma–Aldrich). The I flow between the working and counter electrodes (20
mm x 20 mm Pt foil) was measured with the supplied software package (VersaStudio) and
the transient I was recorded. The electronics contained within the potentiostat are based
on V sources and op–amps, the details of which are not included here but can be found in
ref. [280]. The instrument was calibrated every six months using a calibration built into the
software. Potentiostats can be used both for growth and measurements but here it has solely
been used for growth.

For metals, metal cations dissolved in the electrolyte reduce onto the working electrode
upon application of a bias between the electrodes. For metal oxides, there are two ways in
which the deposition typically occurs. A change in the oxidation state of the metal precursor
in the electrolyte e.g. from soluble Cu2+ to insoluble Cu+ species results in copper (I)
oxide (CuO) deposition [281]. Alternatively for ZnO deposition for example, hydroxide ions
(OH−) are produced from the reduction of water, oxygen or nitrate (NO−

3 ) and the zinc ions
(Zn2+) in the electrolyte react with them [282]. The details of the specific electrolytes and
the chemical reactions for both ZnO and Ni depositions are detailed in Chapters 3 and 4
respectively.

On an industrial scale, ED has been widely used for metallic protective or decorative
coatings or for electrodes in electronics [283]; but more recently it has gained interest
for the growth of nanostructures because of its simplicity, solution–processability, low
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(a) (b)

Fig. 2.1 Illustrations of the electrodeposition experimental set–ups: (a) a three–electrode
cell with a potentiostat and (b) template–assisted electrodeposition with a three–electrode
cell which has been adapted and reproduced from the author’s work from Ref. [5], with
permission from IOP Publishing.

temperature and pressure conditions and hence scalability. For these same reasons, TAED
has been used here for NW growth and Fig. 2.1b shows a schematic of the experimental
set–up for this. The only difference between this and depositing directly onto a conductive
substrate is that the electrolyte must wet the nanoporous template so that material can
deposit onto the electrode attached to one side of the template. Common template materials
include AAO and PC and less commonly used ones are polyimide (PI) and polyethylene
teraphthalate (PET). Commercially available AAO (Anodisc 25, Whatman®) and PC track–
etched (Whatman®Cyclopore®) templates have been used here and SEM images of these
are shown in Fig. 2.2, revealing the porous structure of these templates. The different
templates had different aspect ratios: the AAO templates had nominal pore diameter, length
and porosity of ≈ 200 nm, ≈ 60 µm and ≈ (25 % – 50 %) respectively and the PC templates
had ≈ 200 nm, ≈ 12 µm and ≈ (4 % – 20 %).

2.1.2 Template–Based Wetting

For the growth of P(VDF–TrFE) NTs and NWs, three different methods have been used:
solution–wetting, melt–wetting and vacuum–wetting. These techniques all involve the
wetting of the nanoporous templates mentioned in Section 2.1.1, both polymer and inorganic,
with the desired polymer solution. It is the high surface energy of the pore walls compared to
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(a) (b)

Fig. 2.2 Scanning electron microscopy images of empty nanoporous templates. (a) An anodic
aluminium oxide template with nominal pore diameter, length and porosity of ≈ 200 nm, ≈
60 µm and ≈ (25 % – 50 %) respectively and (b) a PC template with ≈ 200 nm, ≈ 12 µm
and ≈ (4 % – 20 %).

the polymer solution which allows this to happen. Solution–wetting in particular, has been
widely used to make polymer nanostructures [13, 284, 285].

Fig. 2.3a shows the steps involved in solution–wetting. There are two main processes
by which the wetting can occur; capillary action or precursor wetting. In this work, it is
precursor wetting which occurs. Starting with an empty template (step 1), the polymer
solution is drop–cast onto a template (step 2) and infiltrates and coats the pore walls (step
3). Depending on the amount of material drop–cast and the evaporation rate of the solvent
compared to how quickly the solution infiltrates the pores, NTs or NWs can form via this
method. For the case of NWs, as more solution seeps through, the coatings get thicker and
instabilities form (step 4) until ‘snap–off’ occurs where instabilities from either sides of the
pore walls join and a meniscus forms (step 5). The menisci travel in different directions
along the pore length until the pore volume is filled (step 6). Solidification of the polymer via
evaporation of the solvent leads to solid polymer NWs. For NTs, the wetting method stops at
step 3 before snap–off, followed by solidification [13].

Capillary action, on the other hand, is a slower wetting process and only allows for the
formation of NWs not NTs because as the solution is drop–cast onto the template, a meniscus
forms and surface tension pushes it through the pores. The NW length is not determined by
the pore length unlike precursor wetting [13].

What determines the type of wetting is how well the solution spreads or wets the pore
surfaces which is determined by the contact angle (θc) of the liquid / vapour interface with
the pore surface. See Fig. 2.3b for a definition of θc. If θc = 0◦ then complete wetting occurs.
This lowers the total surface energy and leads to precursor wetting. If 0◦ < θc < 90◦ then
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(a)

(b)

Fig. 2.3 Illustrations of (a) the solution–wetting method via precursor wetting used to fabricate
polymer nanostructures and (b) the definition of the contact angle (θc).
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partial wetting occurs because the interfacial energy between the solid and liquid is less than
between the solid and vapour. This is case for capillary action. If θc > 90◦ then no wetting
occurs [13].

In melt–wetting, instead of drop–casting a polymer solution, either a pellet or a film is
placed on top of the template. The template plus pellet / film is then positioned in an oven,
sometimes in air, but also in an argon (Ar) atmosphere [286], at a temperature above the
melting temperature of the polymer. The molten material melts through the pores, coating
the walls in a similar fashion to precursor wetting [284]. In the case of using a film, it can
be prepared by spin–coating followed by solidification [287] or by spreading the solution
across the template [288]. The thicker the film or the higher the concentration of the polymer
solution, the more material there is to infiltrate the template and so the thicker the resulting
NTs. Lau et al. used additional pressure to improve the infiltration during the melting [289]
and Steinhart et al. found that using melt–wetting produced more crystalline nanostructures
than solution–wetting [286].

The viscosity of the polymer solution affects the wetting properties and is dependent on
the molecular weight of the polymer, the solvent, concentration of the solution and infiltration
temperature. Post–synthesis curing time and temperature as well as the solvent used affect
the infiltration and evaporation rate, which in turn can affect the crystallinity of the resulting
nanostructures in all of the wetting methods [13]. The required self–poled structure as
discussed in Section 1.1.2.2, does not necessarily always form via each method without
post–synthesis curing.

Vacuum–wetting, the third method used in this work, is the same as solution–wetting
via precursor wetting except it involves the addition of a vacuum pump held underneath the
template during wetting [65, 68]. This process results in the solution spreading more thinly
across the template surface and removes some of the air inside the pores which allows the
solution to coat the pores more easily and quickly [13]. A thinner residual film is typically
left on top of the template afterwards compared to both template and melt–wetting methods.

2.1.3 Drop–casting and Spin–coating

In addition, both drop–casting and spin–coating have been used to fabricate P(VDF–TrFE)
films and Ni – P(VDF–TrFE) composite films. Drop–casting is simply the process of coating
a substrate or surface with a solution usually using a pipette. Spin–coating is the same except
the substrate is fixed to a holder with a vacuum pump underneath to fix it in place and the
substrate spins typically between 500 revolutions per minute (rpm) – 4000 rpm. This leads to
a thin film forming on the substrate, thinner and more evenly spread than can be achieved
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from drop–casting. In this work a pipette (Research Plus 100 µl – 1000 µl, eppendorf) and
spin coater (Model WS-650 Mz-23NPPB, Laurell Technologies) have been used.

Just as ED is a solution–processable technique which leads to the advantages already
discussed, namely ease of fabrication and scalability, so are the above template–based wet-
ting techniques. Chapter 4 presents the results on not just electrodeposited Ni NWs from
nanoporous templates and separately P(VDF–TrFE) NTs from template–based wetting meth-
ods, but also the combination of both techniques to fabricate core–shell (1–1) NWs. Many
fabrication techniques would not allow for this to happen due to differences in temperature
and pressure conditions of each technique. This novel approach has seldom been reported in
the literature.

2.1.4 Aerosol Jet Printing

So far, the fabrication techniques used for nanostructures and nanocomposite films have been
introduced and in this section, a brief introduction to AJP is provided. AJP is a technique
that was developed for large–area printed microelectronics and is relatively new compared to
other printing technologies like inkjet, screen and gravure for example. It has the advantage
of being able to deposit lines with a 10 µm width resolution but still relatively quickly. It is
also compatible with a wide range of functional metallic and organic inks with a wide range
of viscosities, 1 cP – 1000 cP, and can be used with a variety of substrates including rigid
and flexible plastic and paper ones [6].

The main reason for using it in this work is because it is another scalable fabrication
technique that can be used alongside those already mentioned. A future goal is to fabricate
scalable and large–area fully printed nanoelectronic devices and circuits i.e. lab–on–a–chip.
In this work, it has solely been used for printing a conductive Ag ink for device electrodes.

In AJP, an aerosol of an ink is generated and a carrier gas is used to jet the ink onto a
substrate. Fig. 2.4 illustrates the basic principle of AJP with the key components shown.

The printer used here was an AJ200 (Optomec Inc.). It uses an ultrasonic atomiser
(UAMax, Optomec) to excite the ink with ultrasonic pressure waves which generates an
aerosol with the addition of nitrogen gas (N2 gas). The I supplied to the atomiser was variable
and was set to a maximum of 0.6 mA here. Ag NP ink (Prelect TPS 50 G2–Clariant) was
mixed with deionised (DI) water in a 1:3 ratio and 1.2 mL of the mixture was used per print.
The ink temperature was held at 20 ◦C during printing and kept refrigerated between prints.
The ink–loaded N2 aerosol was sent to the tip where the ink jets escape and was lifted 3
mm above the Kapton® substrate (RS components Ltd). The substrates were cleaned with
compressed air prior to use and fixed to a temperature controlled platen with a vacuum pump
and PI tape (3M™). The platen moves underneath the tip, controlled by stepper motors. The
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Fig. 2.4 An illustration of aerosol jet printing, adapted from Ref. [6].

gas flow rates, measured in standard cubic centimetres per minute (sccm), were a sheath
flow rate of 60 sccm and an atomiser flow rate of 30 sccm. The process (print) speed was
1 mm s−1 with a rapid (non–print) speed of 50 mm s−1 and the substrate temperature was
60 ◦C [6]. The chiller temperature was 20 ◦C, 1 pass (layer) was performed per print and
the tip used had a hole of 150 µm in diameter. During the course of this work, the printing
parameters were studied and optimised in detail, as reported in Ref. [6], which allowed for
these optimised conditions to be used.

2.2 Structural Characterisation

This section provides a brief explanation of the structural characterisation tools used through-
out; including SEM, energy dispersive X–ray analysis (EDX), XRD and TEM. Specific
instrument details are also given.

2.2.1 Scanning Electron Microscopy

SEM is a now a standard laboratory imaging technique used for viewing structures too small
to see with both the naked eye and with an optical microscope. An electron beam is generated
by an electron gun at a particular accelerating V and focussed with electromagnetic lenses
onto a sample with a conductive coating. The working distance is the distance between
the SEM column where the beam exits, and the sample plane. The beam is raster scanned
across a sample and a detector is used to detect different types of electrons emitted from the
sample. The standard most common type of detector and the one used here detects secondary
electrons. These are electrons which are scattered from the sample by those from the electron
beam. A topographic contrast image is generated of the sample by detecting the number of
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secondary electrons which originate from the position of the electron beam [13, 290]. In this
work, SEM has been used to image NWs and NTs as well as films, to check for successful
growth as well as how different methods produce different types of structures.

Four different SEMs were used over the course of this project because of practical
reasons rather than technical. Two field emission floor model SEMs; Leo Gemini 1530VP
Variable Pressure SEM (Zeiss) with an in–lens detector and an accelerating V of 5 keV –
10 keV and a Nova NanoSEM (FEI). The two desktop SEMs used were a TM3030 Plus
Tabletop Microscope (Hitachi) with a 5 keV –15 keV accelerating V and a Phenom ProX
(PhenomWorld) with a cerium hexaboride (CeB6) source and an accelerating V of 5 keV.
The accelerating V and working distances used for each set of images are included in the
relevant results chapters.

Each sample was fixed to an SEM stub with C tape (Agar Scientific) and a < 10 nm thick
layer of palladium (Pd) was sputter–deposited using a sputter coater (K575, EMITECH) at
40 mA for 20 s. This conductive layer is necessary so that the sample can be grounded to
prevent the accumulation of electrostatic charges.

2.2.2 Energy Dispersive X–ray Analysis

EDX is an elemental analysis technique typically performed simultaneously to SEM. In the
set–up used here, an X–ray detector was used in addition to the secondary electron detector
inside the SEM to detect X–rays emitted from the sample due to the electron beam interaction.
Each element in the sample has a unique atomic structure which translates to X–rays being
emitted with specific energy from de–excitation of electrons from specific energy levels. This
technique has been used here to identify locations of elements in composite samples and to
confirm the presence of particular elements to see if a growth method was successful or not.
The data is displayed as both a colour map of element locations as well as the corresponding
spectra of X–ray counts vs. energy.

Two different EDX instruments have been used, one was the Quantax EDS for SEM
Xflash 6|100 (Bruker) used with the Nova NanoSEM with Espirit 2 software. The other
was the built–in system with the Phenom ProX. Scan lengths i.e. the time the X–rays were
detected for, varied between sample and the details of this plus the accelerating V used are
detailed in the relevant results chapters.

2.2.3 X–ray Diffraction

XRD provides chemical and structural information about materials. The interatomic spacings
(d′) in crystals are of the same order as X–ray wavelengths, 0.01 nm – 10 nm, which means
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X–rays diffract through crystal structures. Some of the X–rays constructively interfere and
therefore satisfy the Bragg condition 2d′ sinθ = nΛ where n is an integer, Λ is the wavelength
of the incident beam and θ is the angle of the incident beam from the sample diffracting
plane. The angle between the transmitted beam and the Bragg diffracted beam is 2θ which is
why the data from an X–ray detector is usually displayed as a 2θ scan i.e. X–ray intensity or
counts vs. 2θ . The locations of the diffraction peaks are at the angles of 2θ where the Bragg
condition is satisfied. A wealth of information can be learned from these measurements such
as; phase identification using a database containing diffraction peaks from known crystal
structures, the quantification of unit cell parameters, crystal orientation and crystallite size
for example [291].

XRD patterns were measured here with a diffractometer (D8 Advance, Bruker) with a Cu
K–α source and a non–rotating sample holder. An anti–scatter arm was used to reduce low–
angle scattering. The 2θ range, delay time, step size, whether an anti–scatter slit was used
and the size of the divergence and anti–scatter slits varied for each sample and so the specifics
of these are given in the relevant results chapters. The delay time is the time that the detector
and incident beam were held at a specific 2θ and the step size is the size of the angle that
the incident beam and detector move by after each measurement. The divergent slit adjusts
the beam length illuminating the sample and the anti–scatter slit reduces the background
signal. Template samples were attached to glass slides before being mounted onto the sample
holder and powder samples were compressed onto zero diffraction Si substrates embedded in
a sample holder.

There are a number of ways to analyse X–ray data depending on what one is looking for.
The purpose of using this technique here was to both confirm that a particular material had
been grown by a certain technique with a certain set of parameters, but also to look at the
crystal orientation of the sample and to find whether there was any preferred orientation of a
particular direction. The texture coefficient (TC(hkl)) is used for this reason and is defined in
Eqn. 2.1 [156]:

TC(hkl) =
Is(hkl)
I0(hkl)

1
n ∑

n
i=1

Is,i(hkl)
I0,i(hkl)

(2.1)

where n is the number of X–ray diffraction peaks and Is(hkl) and I0(hkl) are the relative
intensities of the (hkl) peaks of the sample and the reference powder data respectively.
TC(hkl) essentially calculates the fraction of crystallites in which the (hkl) planes are parallel
to the sample surface.
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2.2.4 Transmission Electron Microscopy

Like XRD, TEM is used for gaining a structural and crystallographic understanding of a
material, but at the micro / nano scale down to the atomic level, rather than at a macroscopic
/ bulk level, which is usually the case for XRD. It provides another visual aid alongside SEM
for looking at features that cannot be resolved with visible light. In TEM, an electron gun is
used to accelerate electrons at the accelerating V and focussed with electromagnetic lenses
onto a sample. As well as controlling the illumination, the lenses magnify the transmitted
electrons and project them onto either a phosphor screen, a charge–coupled device camera or
some photographic film which are used to form a diffraction pattern generated by interaction
with the sample. The sample therefore has be thin enough for electrons to be transmitted and
this is usually ≈ (10 nm – 300 nm) [292].

Low resolution imaging looks at the difference in absorption of the electrons by a sample
which varies with thickness and composition. High resolution imaging assumes that no or
little absorption occurs and it is the phase difference of the electronic wavefunctions which
leads to image contrast [292]. High resolution–TEM (HR–TEM) has been used here to image
NWs and NTs and look at crystallite diffraction patterns to complement the crystallographic
description of the nanostructures from XRD.

Two different HR–TEMs were used here: a 4000EXII (JEOL) and a Tecnai T20 STEM
(FEI) equipped with Gatan Imaging Filter. The accelerating V and spot sizes (beam size as it
hits the sample) used for specific NWs and NTs are given in the relevant results chapters.

The sample preparation involved starting with a powder of NWs or NTs, which was
dispersed in 0.5 ml of absolute ethanol (C2H5OH) (analytical reagent grade, Fisher Scientific)
in a centrifuge vial. After placing this in an ultrasonic bath (U50, Ultrawave) for ≈ 3 s,
a droplet was then drop–cast onto a Cu coated TEM grid and naturally dried in air for 20
minutes.

Diffraction images were taken in–situ and analysed by measuring the separations of the
diffraction spots from the central spot and comparing with known d′ spacings of a particular
material in order to label crystal lattice planes.

2.3 Thermal and Ferromagnetic Characterisation

Differential scanning calorimetry (DSC) and vibrating sample magnetometry (VSM) are the
two different characterisation techniques introduced in this section. Both techniques are bulk
measurements, the former is used to learn about thermal properties in relation to ferroelectric
ones and the latter to learn about ferromagnetic properties of materials.
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2.3.1 Differential Scanning Calorimetry

Thermal characterisation in the form of DSC has been used to look at the phase transitions in
P(VDF–TrFE); both NTs and bulk powder. In this technique, the temperature of a sample
and a reference sample are simultaneously varied. The heating / cooling rate of the sample
and reference are fixed and the amount of heat flux required to achieve this is measured
alongside temperature. The internal energy of the sample is proportional to the heat flux and
so information about the energy required to change the state of a material, typically polymers,
can be inferred [13]. For example at certain temperatures, such as at the melting point or TC

i.e. the ferroelectric to paraelectric transition, a peak in energy is observed.
The DSC scans were measured using a differential scanning calorimeter (TA Instruments

Q2000) and samples were prepared by weighing ≈ 3 mg (Microbalance, Fisher Scientific) of
them into thermally identical aluminium (Al) pans with sealed Al lids (TZero pans and lids,
TA instruments) before loading into the calorimeter. An equilibrium of 20 ◦C was met prior
to measuring and a heating rate of 10 ◦C per minute was used between 0 ◦C – 180 ◦C and
data was taken every 1 s. One full heating and cooling cycle was performed per sample. The
heating cooling system works as follows. Two separate heaters with individual thermometers
are used for the sample and reference. One heating circuit ramps the temperature up at a
constant set rate, the other keeps the reference and sample the same temperature by regulating
the heating current and using liquid nitrogen for cooling when necessary.

2.3.2 Vibrating Sample Magnetometry

VSM is used to measure magnetic properties of materials. Two large electromagnets generate
a uniform HHH and in the space between the magnets, a set of four pickup coils are symmet-
rically positioned, see Fig. 2.5. A sample is attached to a cylindrical probe and inserted
in the centre of the magnets and the coils and sinusoidally vibrated. The oscillator which
provides the vibrational movement is typically generated with linear motors. As the sample
vibrates, V is induced in the pickup coils because of the change in magnetic flux as it moves
sinusoidally in the uniform HHH. This V is proportional to the sample’s magnetic moment.
A lock–in amplifier is used to measure V with the reference frequency set to that of the
oscillator’s which is driving the sample [293]. A Hall probe, also positioned in the centre of
the coils, is used to measure HHH. Hysteresis curves are measured with VSM by sweeping the
uniform HHH and measuring the magnetic moment of the sample in response to this change.

The set–up used here consisted of Princeton Measurements Corporation electromagnets
with an Applied Magnetics Laboratory Inc. Precision Bipolar Magnet Controller and a
Princeton Measurements Corporation MicroMag Controller. The maximum uniform HHH
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Fig. 2.5 A schematic diagram of a vibrating sample magnetometer.

available was 10 kOe and the magnetic moment sensitivity range was 10 µemu – 2 emu. It
has been solely used for performing hysteresis curves here and the specific parameters used
for each sweep are presented alongside the relevant results in Chapter 5.

2.4 Nanoscale Scanning Probe Characterisation

In this section, nanoscale scanning probe characterisation techniques are detailed. These
include AFM, KPFM, PFM and MFM. A Multimode VIII with a Nanoscope V controller
and Nanoscope 8.15 software (Bruker) was used here. All experiments were performed with
the same tips: MESP–RC–V2 (Bruker) with nominal spring constant 5 Nm−1, a resonant
frequency of ∼ 150 kHz and a Co / chromium (Cr) ferromagnetic coating.

2.4.1 Atomic Force Microscopy

AFM is used for imaging surface topography from the micro to the nanoscale and can be
used on virtually any material. A sharp (5 nm – 15 nm radius) tip is attached to a micro–
cantilever and scanned over a surface in a raster pattern, controlled by a piezoelectric actuator
with <Å accuracy. A laser is directed at the cantilever and reflected off the back of it. As
the tip scans the surface and interacts with the sample, the cantilever is deflected and this
deflection translates to laser beam deflection. The reflected beam is directed towards a split
photodetector which amplifies the deflection signal and a feedback circuit is used to keep
the tip–sample interaction fixed by fixing the tip–sample distance, see Fig. 2.6 [294]. An
image is generated pixel by pixel as the tip raster scans the surface. For each pixel, cantilever
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Fig. 2.6 A schematic diagram of atomic force microscopy.

deflection or oscillation deviation from the setpoint is monitored by a feedback circuit which
applies a bias V to a piezoelectric actuator. This changes the height of the cantilever until the
setpoint is recovered and the applied bias is converted from V to a height value [294].

There are three standard operating modes: contact, intermittent contact / TappingMode™

and non–contact. In contact mode, the tip remains in contact with the adsorbed fluid layer
on the sample surface and the feedback circuit keeps the cantilever force, and therefore the
deflection, constant (deflection setpoint). In TappingMode™, the cantilever is oscillated at a
frequency just off the resonance at an amplitude of around 20 nm – 100 nm. The tip only
contacts the surface as its lowest point in the oscillation and the changes in the tip–sample
separation change the resonant frequency as well as the oscillation amplitude. The change
in amplitude is used to measure the tip–sample separation and the feedback circuit, in this
case, is used to keep this amplitude constant (amplitude setpoint). There is also non–contact
mode which has not been used here which is similar to TappingMode™ except the tip is lifted
further above the surface so that it does not contact the surface and instead relies on the Van
der Waals force between the tip and sample [294].

As will be explained in the following sections, AFM can also be used to learn about a
variety of surface material properties.
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2.4.2 Piezoresponse Force Microscopy

PFM is a method used for visualising PPP domains. In contact mode, a sinusoidally oscillating
V is applied between the tip and sample and the change in size of the domains, due to the
converse piezoelectric effect, is monitored. A constant force feedback circuit controls the z
motion, and as with conventional contact mode, the deflection of the cantilever is detected
by the photodetector and sent to the computer via a lock–in amplifier, see Fig. 2.7a. The
topography signal is measured by the average cantilever deflection due to the ac EEE and the
piezoresponse by the amplitude and phase of the in–phase / out–of–phase deflection signal
in relation to the modulating ac field [13, 295]. These are the PFM signals of interest. The
piezoresponse, depending on the sample, can be out–of–plane or in–plane in two dimensions.
The photodetector measures both the vertical and lateral deflection but for the contact mode
PFM only the vertical signal, which is the out–of–plane piezoresponse was used here.

In addition, a dc V was applied to the tip, to account for the inherent surface potential
when measuring any electrical or magnetic properties (see Section 2.4.3) but also for poling
samples. Depending on the sample, the tip velocity and dc bias V varied and along with the
values of the amplitude and frequency of the oscillating V , are given alongside the results in
Chapters 3 and 5.

For the ME composite samples, contact mode PFM was used for poling and imaging to see
whether the poling was successful as an intermediate step before magnetic characterisation
via MFM.

For imaging piezoelectric nanostructures, measuring and quantifying their spatially
resolved piezoresponse, a modified PFM technique has been used. Pioneered by Dr Yonatan
Calahorra, a postdoctoral researcher in the group, non–destructive PFM (ND–PFM) is a
technique which simultaneously combines quantitative nanomechanical mapping (QNM®)
with PFM [296], see Fig. 2.7b. QNM® was developed by Bruker and uses their PeakForce
Tapping® mode where the z motion of the tip, controlled by the piezoelectric actuator, is
oscillated and so only makes periodic contact with the sample whilst raster scanning at a
much lower frequency of usually ∼ 1 Hz. At each point of contact, a force vs. distance curve
is measured. In ND–PFM, simultaneously an ac V is applied between the tip and the sample
at a significantly higher frequency than that of the mechanical oscillations. When the tip is in
contact with the sample, the PFM signal from the tip deflection at the applied ac frequency
is recorded with a high speed–data capture using a virtual lock–in at 6.25 MHz [296]. The
drive for developing ND–PFM came from the fact that in contact mode PFM, the continuous
contact between the tip and sample often damages or moves nanostructures [296].

For the set–up used here, the parameter details are given in Chapter 3 and 5 with the
results.
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(a)

(b)

Fig. 2.7 Schematic diagrams of the two piezoresponse force microscopy (PFM) modes used,
(a) contact mode PFM and (b) non–destructive PFM.
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Fig. 2.8 An illustration of LiftMode™ operation with TappingMode™ atomic force mi-
croscopy used for both Kelvin probe force microscopy and magnetic force microscopy.

To determine dij, a 100 nm thick poled P(VDF–TrFE) film with a value of d33 taken to be
≈ - 25 pm V−1 [297], was used to calibrate the tip using Eqn. 2.2:

ds
ij =

V s

V c dc
ij (2.2)

where ds
ij, dc

ij, V s and V c are the dij and raw PFM signals for the sample and the calibration
sample respectively. The values of i and j depend on the direction of PPP of the sample. For
polycrystalline nanostructures with crystals of different sizes and orientations, the dij value
will vary depending on the PPP of the particular domain being contacted.

2.4.3 Kelvin Probe Force Microscopy

In KPFM, the surface potential of the sample is measured. This is achieved using interleave
or LiftMode™ where the topography is first recoded in TappingMode™ performing both a
trace and retrace. The tip is then lifted to the lift scan height and the trace and retrace is
performed at this fixed separation of the tip from the topography signal just measured. See
Fig. 2.8 for an illustration of LiftMode™ operation. During the lifted scan, relatively weak,
long–range magnetic and electrostatic interactions can be imaged whilst minimizing the
topographic influence on the data [295].
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During the lift scan in KPFM, the tip oscillations are stopped, the tip is fixed at a constant
height and a sinusoidally oscillating voltage, V = vsinωt is applied, where v is the voltage
amplitude, ω is the oscillation frequency and t is time. The amplitude of the electrical
oscillating force (F) experienced by the cantilever due to this V can be written as in Eqn. 2.3:

F =
dC
dz

v△vdc (2.3)

where C = capacitance, z = vertical height above sample and △vdc = vtip−vsample. vsample,
which is the effective local surface potential can be found by varying the dc voltage applied
to the tip (vtip) until the oscillation amplitude is zero (Eqns. 2.4– 2.6):

vtip = vsample (2.4)

∴△vdc = 0 (2.5)

∴ F = 0 (2.6)

and so the cantilever feels no force [295].
In addition to measuring the surface potential of a sample, KPFM is used in this work as

a preliminary step before MFM and PFM. Electrostatic interactions which interfere with the
electrical or magnetic signals being measured, can be significantly reduced by biasing the
tip with the approximate surface potential of the sample [298].The lift scan height and tip
velocity used are given in Chapter 5 with the results.

2.4.4 Magnetic Force Microscopy

MFM also uses LiftMode™ but on the lift scan, unlike KPFM, the oscillations are not
stopped. The tip, which must be coated in a ferromagnetic thin film, in this case a Co / Cr
alloy, oscillates at natural frequency ω given by Eqn. 2.7:

ω = ω0

√
1− 1

κ

∂F
∂ z

(2.7)

where ω0 is the fundamental natural frequency and κ is the spring constant. During
the lift scan when the tip–sample separation is constant, the force gradient ∂F

∂ z varies as
the tip moves over magnetic domains which leads to a change in ω [295]. There are three
ways of monitoring changes in ω: amplitude, phase and frequency modulation. Frequency
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(a) (b)

Fig. 2.9 Magnetic recording tape (Digital Instruments) scanning probe images: (a) Topogra-
phy and (b) magnetic force microscopy images. The lift scan height, tip velocity, ac cantilever
drive voltage amplitude and frequency were 40 nm, 10 µm s−1, 18 mV and 173 kHz and no
dc bias voltage was applied.

modulation is used here because of its simplicity of operation, better signal–to–noise ratio
and reduced artefact content compared to the other options [299]. In frequency modulation,
the drive frequency of the tip is modulated so that there is a 90◦ phase lag between the drive
and the cantilever motion. This is performed with a feedback circuit.

Prior to use, the tip is magnetised with a permanent magnet, the one used here had a H of
0.3 T (Digital Instruments). Fig. 2.9 is an example of the topography and MFM images of
magnetic recording tape measured with a frequency modulation lift scan. There is a clear
difference between the topography and the striped magnetic domains typical of recording
tape. The opposite sign in frequency of the adjacent domains indicates that MMM is in opposite
directions but with approximately the same magnitude.

The HHH between the tip and the film is dependent on the tip–sample separation and the
demagnetising / stray field from the sample. If the sample contains a soft magnetic material
and the tip has a high magnetic moment then domain wall displacement can occur. If the
sample has a strong stray field this can affect MMM of the tip. In general it is best to use a tip
with a higher MMM than the sample so that the tip MMM is not affected by the sample. The image
resolution mainly depends on the lift scan height, the smaller it is, the higher the resolution
and the smallest features are of the same order as the lift scan height. It is also affected by
the tip’s physical and magnetic properties [295]. The lift scan height, tip velocity and dc bias
V are detailed in Chapter 5 with the results.
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2.4.5 Sequence of Nanoscale Characterisation and Quantification

In this work, the above methods have been used to study ME composites. First KPFM was
performed to measure the surface potential of the sample followed by either contact mode
PFM or MFM at a dc bias V equal to the surface potential, to either check the PFM signal
or spatially resolve the magnetic domains before poling. Then the sample was poled using
the dc bias V applied between the tip and the sample. After poling, KPFM was repeated to
measure the new surface potential and PFM was performed at a dc bias V equal to the new
surface potential, to check the poling procedure had worked. MFM was then performed again
to see if MMM of the sample had changed after application of EEE. This induced the converse ME
effect.

Quantitative analysis of MFM images requires the affect of the tip on the sample to be
taken into account, both in terms of its shape and its magnetic properties. The method used
here to approximate the ME coupling from the MFM data is based on the method used by
Bai et al. [2] and is as follows. Three assumptions are made: (i) the magnetic force between
the tip and the sample is taken as 1D and only acting vertically in the z–direction, (ii) the
real tip MMM is approximated by the point probe model [300] and (iii) the lift scan height is
constant so that the tip is always the same height above the sample. Under these assumptions,
the magnetisation in the z–direction (Mz,i) is linearly related to the measured frequency shift
(∆ fi) before (i = 1) and after (i = 2) poling. This is given by Eqn. 2.8:

∆ f1

∆ f2
=

Mz,1

Mz,2
(2.8)

Using the converse ME effect given by Eqn. 1.19 from Section 1.1.1.3, an approximate
value for αC

ij can be calculated from Eqns. 2.9 – 2.10:

α
C
ij =

Mj,2

Ei
(2.9)

=
Mj,1

Ei

∆ f2

∆ f1
(2.10)

and has SI units of s m−1 [2]. Ei was taken as the poling voltage / sample thickness and
Mj,1 as MR from the VSM data for each sample, converted from cgs units to SI. The value of
j was determined by which MR value used; either out–of–plane or in–plane. ∆ f1 and ∆ f2

were taken from the average frequency shifts of neighbouring magnetic domains from MFM
images, averaged over the scan area before and after poling. This was a post–processing step.
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Fig. 2.10 A schematic diagram of an example of a piezoelectric nanogenerator based on a
nanowire or nanotube filled template.

The results of this can be found in Chapter 5. A drawback of this method is in using bulk
data from the VSM in combination with the surface or nanoscale properties measured in
MFM, which adds to the uncertainty of the measured values for αC

ij .

2.5 Energy Harvesting and Magnetoelectric Characterisa-
tion

This final section outlines the NG fabrication method used and two bespoke set–ups used for
piezoelectric energy harvesting and ME measurements.

2.5.1 Piezoelectric Nanogenerator Fabrication

The NGs tested in this work were all based upon NW or NT filled nanoporous template
devices. Fig. 2.10 shows an example of one of these devices. The template pores were filled
with piezoelectric materials which results in piezoelectric NWs / NTs embedded in either an
AAO or PC template. Device electrodes were attached to each end of the filled template using
a combination of sputter–deposited Ag and electrically conductive transfer tape (3M™) with
Al foil (Sphere Consumer Products plc). Thin Cu wires were attached to each electrode with
Ag conductive paint (CPC) or Ag epoxy conductive adhesive 4H 8331S (MG Chemicals).
Further details of each NG fabrication are given in Chapters 3 and 5.

2.5.2 Piezoelectric Energy Harvesting

The electrical output of the NGs was measured in response to periodic impacting or bending
by an oscillating mechanical arm at a set frequency in an energy harvesting measurement
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set–up. This set–up was originally designed by Dr Richard Whiter [7, 13], a senior PhD
student from the group at the time, with some important adaptations undertaken during this
work, as mentioned below.

The NGs were either impacted parallel to the long axis of the NWs or flexed along
their length by a 25 mm diameter Al disc attached via a screw to an oscillating arm of a
permanent magnet shaker (LDS Systems V100) all housed in a steel frame. The frame was
welded to a 3.5 cm thick steel base all resting on a rubber mat to isolate the set–up from any
external vibrations. The oscillations of various frequencies and amplitudes were driven by a
signal generator (Thurlby Thandor TG1304) and an amplifier (LDS Systems PA25E–CE).
Fig. 2.11a shows an image of the frame, shaker and sample holders and Fig. 2.11b shows a
schematic diagram of the whole set–up.

The wires attached to each electrode of the NG were soldered onto contact pads made from
printed circuit board attached to the frame. For preliminary measurements, Bayonet Neill–
Concelman (BNC) – crocodile clip cables were used to connect directly to a picoammeter
(Keithley 6487) or a digital multimeter (Keithley 2002) for Isc and Voc measurements. 50
Hz noise was removed from the electrical output signals by first performing a Fast Fourier
Transform (FFT) on the data, removing the 50 Hz signal, then performing an inverse FFT.
An algorithm embedded into Origin® (OriginLab®) software was used for this.

To reduce this noise and internal circuit resistance, Au coaxial cable (CC–SC, Lakeshore)
replaced the crocodile clip connections, and were connected to an intermediary Al connector
box which converted the input to either a single core / shield or two BNC core connections
by way of a switch. To measure Voc, the single BNC coaxial cable was connected to a
digital multimeter. To measure Isc, two coaxial double BNC cables were connected to a
picoammeter. A purpose–built Al resistor box with coaxial input and output connections
was used to measure V and I over resistive loads of 1 kΩ, 10 kΩ, 33 kΩ, 1 MΩ, 5 MΩ, 10
MΩ, 20 MΩ 40 MΩ, 80 MΩ and 100 MΩ. The double output from the connector box was
connected to this resistor box via more BNC cables. Inside the housing, a 1 pole, 10 throw
rotary switch was used to switch between the resistors. Another switch was used to connect a
picoammeter or a digital multimeter for I or V measurements respectively with BNC coaxial
cables. Figs. 2.12a– 2.12b show the circuit for this. Data was read from the picoammeter
and the digital multimeter by interfacing the computer via a General Purpose Interface Bus
(GPIB) connection and an automated Labview (National Instruments) program was written
for this purpose. The shaker, frame and sample holder were enclosed inside an Al box which
acted as a Faraday cage. This box plus the connector and resistor boxes were grounded with
braided Cu wires to a ground line to reduce 50 Hz noise from the mains and any other noise
from equipment in the lab, making the post–processing of the data unnecessary.
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(a)

(b)

Fig. 2.11 (a) An image of the experimental set–up and (b) a schematic diagram used for
characterising the electrical output of nanogenerators (NGs).
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(a) (b)

(c) (d)

Fig. 2.12 Nanogenerator (NG) energy harvesting measurement experimental set–up. (a) A
schematic diagram of a NG tested in impact mode, (b) the corresponding circuit diagram, (c)
a NG under stress in impact mode and (d) in flex mode. Figures (a) and (b) are taken from
the author’s work from Ref. [5], reproduced with permission from IOP Publishing.
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In impact mode, the NGs were fixed to a steel sample holder with PI tape and clamped to
the frame and subjected to a periodic impacting force parallel to the long axis of the NWs.
The mechanical excitation was such that the NWs were being periodically compressed along
their lengths and then released, resulting in the measured electrical output. The sample was
positioned so that the highest electrical output was achieved and fixed in place by screws in
the frame. In flex mode, where the NWs were bent along the long axis, see Fig. 2.12d, the
NGs were attached to a piece of transparent PET with PI tape which was attached between
the magnetic shaker and the steel frame to provide a support for the device. The maximum
amplitude that the magnetic shaker can reach was found not to fully bend the NGs and so
some measurements were also performed by hand by physically moving the sample holder
back and forth.

Measuring V and I across a load resistance (R) means that root–mean–square (rms) power,
power density with respect to area, rms power density with respect to volume, specific rms
power can be calculated and are defined in Eqns. 2.11 – 2.14 below:

Prms =
V 2

rms
R

(2.11)

PA =
Prms

A
(2.12)

Pd =
Prms

AL
(2.13)

P′ =
Prms

m
(2.14)

where Vrms is the rms voltage, A is the device area, L the device thickness and m is mass of
one device including the wires. The efficiencies and figures of merit defined in Section 1.4.2
have been calculated and are given with the NG results in Section 3.3.3.

Blank devices i.e. electroded templates with no piezoelectric material filling them, were
tested to check the background noise prior to using the set–up for real devices. This was
performed by Dr Richard Whiter [13] when the set–up was initially designed. Calibration of
the magnetic shaker was also previously performed using an accelerometer (Brüel and Kjær
DeltaTron 4517), attached with super glue to the oscillating Al disk, to measure the amplitude
of vibrations at specific V input amplitudes and frequencies from the signal generator and
amplifier [13]. During the course of this work, the measurements were fully automated
using LabView, and important modifications to the set–up, including the introduction of the
Faraday cage (Al box) and the resistor box, were carried out. This measurement set–up and
associated self–developed software is now widely used within the research group.
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(a) (b)

Fig. 2.13 Schematic diagrams of (a) (2–2) and (b) (1–3) magnetoelectric composite devices.

2.5.3 Magnetoelectric Composite Device Fabrication

In Chapter 1, different types of composite structures were introduced in the context of
ME composites. The specific types of ME composite devices fabricated in this work are
included in Chapter 5 and in general they are formed of a composite material consisting
of a piezoelectric material in physical contact with a magnetostrictive material, with two
electrodes attached to either side of a film or either end of a nanostructure or nanostructure
array. Figs. 2.13a and 2.13b show schematic diagrams of (2–2) laminate and (1–3) ME
composite devices respectively and are representative of the devices discussed in Chapter 5.

2.5.4 Magnetoelectric Measurements and Magnetic Energy Harvest-
ing

In order to measure the ME performance of ME composite devices, a measurement system
based upon a Hac source, which induces a V across the device, and an instrument to record
this response is required. Fig. 2.14a shows a schematic diagram of the experimental set–up
used for standard ME measurements and Fig. 2.14c shows a photograph of it. It consisted
of a pair of Helmholtz coils (Lab World) with coil diameter 300 mm, 124 turns per coil,
1.2 Ω dc resistance per coil and separated by 150 mm, driven by an ac V source from a
lock–in amplifier (Signal Recovery 7265 DSP), which generated a uniform Hac when the
coil separation was equal to the radius of the coils. A pair of electromagnets (12 V Electro
Holding Magnet, RS Pro), each of 80 mm in diameter, were powered by a dc I source
(Keithley 2400) which generated Hdc. Each electromagnet was screwed to individual Al
breadboards (ThorLabs) to prevent them from being attracted to each other. Hdc acted to
magnetise the device whilst Hac was used to pick up the response with the lock–in amplifier
only at the frequency of Hac. The output of the device, which was inside a grounded Al
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box with each device wire connected to a BNC connection, was connected to the lock–in
amplifier via the BNC connections, and the Vrms was recorded at the reference frequency used
for Hac. The Al box was grounded with a braided Cu wire to a ground line. A gaussmeter
(Lakeshore 475 DSP), positioned in the centre of the coils, was used to monitor and record
both Hdc and Hdc. With this set–up, both the Hac frequency and Hdc sweeps were performed,
recording Vrms and hence αE

ij , by dividing Vrms by the sample thickness and the applied Hac.
These measurements were fully automated using a LabView program written for this purpose,
which was particularly important for controlling the lock–in amplifier, to keep Hac constant
during the frequency sweep by using a feedback loop to vary the V input to the Helmholtz
coils.

A modified version of the set–up, described in the previous paragraph, was used here to
measure the energy harvesting performance of the ME composite devices and a schematic
diagram of this is shown in Fig. 2.14b. Hac was generated by the Helmholtz coils sourced
by the lock–in amplifier. The gaussmeter was used to monitor Hac and the frequency, and
the ME device, inside the Al box, was positioned in the centre of the coils underneath the
gaussmeter. The output BNC connectors were wired to an oscilloscope (Tektronix TBS
1052B–EDU), rather than the lock–in amplifier, to measure the transient V output. The
details of Hac, frequency, Hdc as well as the orientation of the device, and other details used
are included in Chapter 5 with the results for both types of measurement.
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(a) (b)

(c)

Fig. 2.14 Schematic diagrams of magnetoelectric measurement experimental set–ups: (a)
with electromagnets and Helmholtz coils for a superposition of a dc plus ac magnetic field
and (b) with just Helmholtz coils for an ac field only. (c) A photograph of part of the set–up
shown in (a).



Chapter 3

Zinc Oxide Nanowire–based
Nanogenerators

This chapter brings together all of the work related to ZnO NWs and NGs. This includes the
specific experimental details of their fabrication via TAED, characterisation of crystalline
properties as well as energy harvesting performance of the NGs. Included in the structural
characterisation is preliminary work on ZnO film growth for seed layers prior to NW growth
to investigate whether this could potentially change the crystal structure of the NWs. A
substantial amount of this work has been previously published and therefore has been adapted
from that text [5].

3.1 Electrodeposition Growth Method

The details of potentiostatic ED in general were outlined in Section 2.1.1 including schematic
diagrams of the experimental set–up shown in Fig. 2.1, and so this section details the specifics
for both film growth and template–assisted growth of ZnO. As ZnO is not a metal but an
oxide, the precise growth mechanism is slightly more complicated than a regular metal
coating. The ED growth technique proposed by Mentar et al. [301] follows the reactions in
Eqns. 3.1 – 3.3:

NO−
3 +H2O+2e− → NO−

2 +2OH− (3.1)

Zn2++2OH− → Zn(OH)2 (3.2)

Zn(OH)2 → ZnO+H2O (3.3)
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where e− is electron and H2O is water. Thus, under an applied potential, the NO−
3 ions

reduce to nitrite (NO−
2 ) ions in an aqueous solution which produces excess OH− ions in the

region close to the working electrode. This increases the local pH and both the OH− ions
and the Zn2+ ions diffuse through the pores towards the base of the template. Depending on
the reaction rate of the NO−

3 reduction, which is determined by the applied potential, there
is either instantaneous nucleation directly onto the working electrode followed by growth
for relatively high potentials or there is solution supersaturation at lower potentials where
the zinc hydroxide (Zn(OH)2), or ZnO if the temperature is above ∼50 ◦C, precipitates
in the electrolyte and then deposits onto the working electrode surface, again followed by
growth [21, 301, 302]. The ZnO therefore forms on the cathode and so to make the working
electrode the cathode, a negative V is applied so that the positive Zn ions are attracted to it.
The balanced reaction is therefore given by Eqn. 3.4:

Zn2++NO−
3 +2e− → ZnO+NO−

2 (3.4)

This mechanism, which has previously been hypothesized, was recently experimentally
confirmed for the first time by in–situ transmission X–ray microscopy of electrodeposited
ZnO by Tay et. al. [302].

In this work, zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O) crystallized and ≥ 99.0 %
(Sigma–Aldrich) was dissolved in DI water to make a 0.1 M solution (11.91 g per 400 ml)
with a pH of ≈ 4 – 5 (pH 510 series, Oakton instruments). The three electrodes, plus a
magnetic follower (Fisher Scientific), were submerged in 100 ml of this solution in a glass
beaker and heated in a 100 mL water bath to 75 ◦C using a hotplate (C-–MAG HS 4, IKA®)
to reduce temperature fluctuations in the electrolyte. The temperature was monitored with a
thermocouple (pH 510 series, Oakton instruments).

3.1.1 ZnO film growth

For ZnO film growth, indium tin oxide (In2O3 · (SnO2)x, ITO) coated glass substrates of
dimensions 15 mm x 15 mm x 1.1 mm (Sigma–Aldrich) were cleaned in acetone (C3H6O),
isopropyl alcohol (C3H8O, IPA), ethanol (Fisher Chemical) and DI water, each separately in
an ultrasonic bath (U50, Ultrawave) for 15 minutes and subsequently dried with an air gun.
The ITO conductive coating of sheet resistance 8 Ω / sq – 12 Ω / sq provided the working
electrode. An insulated Cu wire stripped at one end was attached with Ag conductive paint
and Cu tape (3M™) in a small corner and then covered with PI tape to seal and prevent
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any deposition onto the contact. The substrate with the wire attached was then fixed to the
reference electrode using PI tape before submerging it in the electrolyte.

The potential between the working and reference electrodes was turned on as soon as
the substrate was submerged to prevent any deposits on top of the surface prior to the ZnO
deposition. For the case of film depositions, three voltages were used: - 0.7 V, - 1.0 V and
- 1.2 V and the deposition times were 60 s, 300 s and 900 s respectively. At the end of the
deposition when the applied potential was turned off, the substrate was removed from the
electrolyte and disconnected from its wire and from the reference electrode. It was then
rinsed in water to prevent any unwanted deposits being left on the substrate and gently dried
with an air gun.

3.1.2 Template–assisted Electrodeposited NW Growth

For the growth of vertically aligned NW arrays, the set–up described above in Section 3.1
was identical except that the working electrode was an electroded PC nanoporous template
instead of the ITO coated glass substrates. The template specifications can be found in
Section 2.1.1. The templates were cleaned in DI water in an ultrasonic bath for 3 minutes
and subsequently left to dry at ≈ 100 ◦C for 10 minutes. A ∼ 100 nm Ag electrode was
sputter–deposited on one side at 40 mA for 4 minutes. A circular shadow mask was used to
sputter a ≈ 3 cm2 area on the ≈ 5 cm2 template and a Cu wire was attached to the electrode
using electrically conductive adhesive transfer tape, 20 µm thick Al foil and Ag conductive
paint. The electrode was then covered in PI tape to prevent deposition of the back surface.
A schematic diagram of this is given in Fig. 3.10a with the discussion of NGs. Depositions
were carried out at three different potentials: - 0.8 V, - 1.0 V and - 1.2 V for deposition times
of 900 s, 720 s and 600 s respectively. As with the film growth, the NW–filled template was
removed from the electrolyte, the wire was disconnected and the NW–filled template was
rinsed in DI water and gently dried with an air gun.

3.1.3 Electrodeposition Growth Results

During ZnO growth, the transient I was recorded and is plotted in Fig. 3.1 for NWs grown
within a PC template. Fig. 3.1a is for a - 1.0 V deposition which was used for the final NG
device; discussed in Section 3.3.1.

The importance of monitoring I was to find the point where the NWs fully filled the
template and to stop the deposition at this point before a film started to form on top of the
template. The deposition time varied depending on the area of template exposed to the
electrolyte and the thickness of the template, corresponding to the length of the NWs. The
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(a) (b)

Fig. 3.1 Current vs. time profiles of ZnO nanowires grown within PC templates via template–
assisted electrodeposition: (a) at a deposition potential of - 1.0 V, highlighting the three
regions of growth and (b) a comparison of three different deposition potentials. The current
flows between the working and counter electrodes and the negative of the current is plotted
here as negative deposition potentials were used. Figure (a) is taken from the author’s work
from Ref. [5], reproduced with permission from IOP Publishing.

smaller the exposed area, the less time that was needed for deposition. For example, a ≈1
cm2 piece of PC template required ≈ 15 minutes before a top film started to form. In order
to accurately determine this, Sharma et al. proposed monitoring the deposition I [21].

In reference to Fig. 3.1a, immediately after the potential is applied (phase i), instantaneous
nucleation occurs and surface charge forms the first layer of an electric double layer on the
surface of the working electrode (cathode). This causes I to suddenly increase. The second
diffusion layer or depletion layer then starts to form as the Zn ions flow towards the electrode
and simultaneously reduce to form ZnO and precipitate on the surface. This leads to a sharp
drop in I. This then causes a concentration gradient of Zn ions, decreasing towards the
working electrode, thereby causing more of them to flow towards the electrode and continue
to deposit. As the pores are filled in this way, I is approximately constant because the surface
area exposed to the electrolyte is constant (phase ii). Once the pores are filled, the NWs
emerge from the template and begin to form a film on the top and this steady increase in
surface area causes a steady I increase (phase iii) [21]. It is at the onset of this stage that the
deposition should be stopped in order to have an array of NWs without being connected by a
film on the top surface of the template.

Prior to ZnO NW growth at - 1.0 V, three different deposition potentials were attempted.
Fig. 3.1b shows the I profile for these, where each of these can be explained in relation to the
growth mechanism from the previous paragraph. The larger the magnitude of the potential,
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Fig. 3.2 Current vs. time profiles of electrodeposited ZnO films grown on ITO coated glass
substrates. Three different deposition potentials were used with just the first 60 s of deposition
shown here.

the faster the growth rate and so the faster the nucleation. The gradient of the drop in I
was greater for larger potentials because of the faster flow of Zn ions towards the working
electrode. The length of time of phase ii where I was constant and the pores were being
filled varied significantly depending on the potential. At - 1.2 V, the steady filling of pores
appeared to have been skipped and the I increased with time after phase i straight into phase
iii where a top film started to form. At - 0.8 V, phase ii was comparatively very slow and over
this deposition time never reached the pore filling phase iii. For - 1.0 V, at the end of phase ii
the deposition was stopped at the start of phase iii. The larger the potential, the larger was
the magnitude of I at any particular time after the initial nucleation phase.

For ZnO film growth on ITO coated glass, the transient I profiles for three different
deposition potentials are plotted in Fig. 3.2. In comparison with the nanoconfined growth,
film growth only had the nucleation phase followed by steady film growth. When the
magnitude of the deposition potential was too low, i.e. - 0.7 V, no deposition occurred.
Further details on how this potential and growth rate affected the crystal orientation of ZnO
nanocrystals can be found in Section 3.2.2.

3.1.4 Growth Conclusions

ED has been used to grow ZnO NWs within PC nanoporous templates as well as ZnO
seed layer films on ITO coated glass substrates. I was monitored in order to visualise the
growth, particularly of the NWs in order to know when the PC templates were completely
filled with ZnO NWs. In other work, the growth and the crystallinity of the NWs has been
found to be affected by the choice of template, applied potential or I density, electrolyte
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bath composition, pH, temperature, and whether stirring and sonication were used [303].
For example, increasing the zinc nitrate (Zn(NO3)2) concentration leads to more reduction
of NO−

3 ions and therefore higher I density which affects the size and morphology of the
deposited nanostructure [302]. Seed layers can also be used to seed growth along a particular
crystal orientation. The crystalline properties of the ZnO NWs grown via TAED are discussed
in the following Section.

3.2 Structural and Piezoelectric Characterisation of Zinc
Oxide Nanowires

Investigation of the structural and crystalline properties of ZnO NWs and ZnO seed layer
films is presented in this section, including the experimental details as well as SEM, EDX,
XRD, TEM and PFM results.

3.2.1 Sample Preparation and Characterisation Methods

For XRD studies, a single ZnO NW–filled template with the back electrode still present but
the wire removed from the ED growth, mounted on a glass slide, was used per scan. The
instrument details are provided in Section 2.2.3. The 2θ scan angle was varied between 30 ◦

– 80 ◦ with a delay time of 0.5 s, and step size of 0.02 ◦. The sample rotation was off and
an antiscatter slit of slit width 0.5 ◦ was used, and a divergence slit of 1 ◦ with an additional
brass slit of width 5 mm was used. A cotton bud soaked in 37 % hydrochloric acid (HCl)
(Sigma–Aldrich) was used to etch away ZnO films on top of NW–filled PC templates, if
present. For the calculation of TC(hkl), the bulk ZnO hexagonal reference pattern positions
and relative intensities used were taken from ICSD database using POWD–12++ (1997) and
Garcia–Martinez et. al. [304].

For SEM studies of ZnO NWs in PC templates and ZnO films, there was no further sample
preparation required except for the Pd coating previously described in Section 2.2.1. The
NW diameters were measured using the scaled SEM image in ImageJ. To look at indivdual
freed ZnO NWs, a small piece of the ZnO NW–filled PC templates was placed on a silicon
dioxide (SiO2) wafer (Sigma–Aldrich) and then the PC template was dissolved with a few
drops of ReagentPlus® 99 % chlorobenzene (C6H5Cl) (Sigma–Aldrich). The sample was
placed on a hotplate (C–MAG HS 4, IKA®) for ≈ 5 minutes to speed up the evaporation of
the solvent and then placed in a furnace (Carbolite Furnaces) for 30 minutes at 500 ◦C at a
heating rate of 1 ◦C per minute to burn away the entire PC template. The samples were then
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coated in Pd. For EDX the sample preparation was identical to SEM as it was performed
simultaneously.

The SEM images shown in Section 3.2.2 were taken with three different SEMs. The
images in Fig. 3.3 were taken with the Leo Variable Pressure SEM at a working distance of 5
mm and an electron beam V of 5 kV, images in Figs.3.5 and 3.6 were taken with the Nova
NanoSEM with a working distance of 6 mm and electron beam V of 5 kV. Fig. 3.8 images
were taken with the TM 3030 Plus Tabletop Microscope at a working distance of 5 mm and
electron beam V of 15 kV.

For HR–TEM imaging of the freed ZnO NWs, the 4000EXII microscope was used. The
freed ZnO NWs were prepared as for SEM followed by TEM preparations as described in
section 2.2.4. An acceleration V of 200 kV was used.

For PFM studies on ZnO NWs, they were released from the template, as for SEM, but onto
Au coated SiO2 wafer and without the Pd top coating. The Au coating was sputter–deposited
at 20 mA for 8 minutes. The substrate was then mounted onto a 12 mm diameter metallic
disc designed for loading into the AFM and Ag conductive paint was used to electrically
connect an exposed area of the Au coated SiO2 substrate to the disc, which then acted as the
bottom / sample electrode. KPFM was performed prior to ND–PFM and a surface potential
of 1 V was measured and used as the dc bias V during ND–PFM. The tip was grounded and
the amplitude and frequency of the ac V applied between the tip and sample were 6 V and
125 kHz respectively. The mechanical oscillation frequency was 0.25 kHz and each scan line
took 2 s.

3.2.2 Electron Microscopy and Crystalline Properties

Three different deposition potentials of - 0.8 V, - 1.0 V and - 1.2 V i.e. different growth rates,
led to different crystallinity and preferred orientations of the ZnO NWs in PC templates.
X–ray diffraction spectra are plotted alongside the SEM images of ZnO NWs within PC
templates in Fig. 3.3. The crystal planes for hexagonal wurtzite structure are labelled. In
each case, the presence of other peaks besides the preferred orientation indicates that the
ZnO NWs were either polycrystalline with an overall preferred orientation or they could have
been single crystals, each with a different orientation but most having the same preferred
orientation. For the case of - 0.8 V in Figs. 3.3a and 3.3b, the NWs did not reach the top
surface of the template, as can be seen by the empty pores (black holes), during the deposition
time, and were found to be polycrystalline with no clear preferred orientation. At - 1.0 V,
there was a preferred orientation of the (100) axis and the polycrystalline NWs filled the pores
as seen in Figs. 3.3c and 3.3d where the bright dots are the NWs and the darker surrounding
area is the PC template. At - 1.2 V, the preferred orientation was found to be parallel to the
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(002) plane but this signal was from the ZnO film deposited on top of the template, seen in
Figs. 3.3e and 3.3f.

d33 of ZnO is the largest coefficient of ddd and so for application of the ZnO NW arrays
for NGs, it would be preferable if the direction of PPP and the direction of the applied TTT were
to be parallel. When exciting vibrations in impact mode, this means that the piezoelectric
[002] axis would be parallel to the long NW axis. Although the NWs are polycrystalline, the
preferred orientation of the array deposited at - 1.0 V is parallel to the (100) plane whereas
at - 1.2 V it is (002) because of the top overgrown film. TC(002) from Fig. 3.3a is only 2.0
and so there was not very strong texturing. TC(100) from Fig. 3.3c is 4.0 and TC(002) from
Fig. 3.3e is 4.4 and so in these two cases, there was some clear preferred orientation.

A deposition at - 1.2 V was also performed where the [002] preferred orientation was
found before cleaning the top surface of the template with HCl, which then switched to the
[100] axis orientation after cleaning. The XRD results before and after cleaning at - 1.2 V
are presented in Fig. 3.4. At this higher potential the growth is faster which leads to the
formation of a film on top of the template. This did not occur at the lower potential as long
as the deposition was stopped at the correct time.

The presence of Zn was further confirmed by EDX. Both the colour maps of the top
surface of the filled template are shown in Figs. 3.5a and 3.5b and the corresponding energy
spectra are shown in Figs. 3.5c and 3.5d. The black holes observed in the colour map in
Fig. 3.5b indicate regions where the NWs had not reached the surface or not filled the pores.
This could be due to organic contaminants or trapped air in the pores.

In reference to the SEM image in Fig. 3.3d, the diameter distribution of the NWs is
displayed in Fig. 3.6a, which gave an average NW diameter of (184 ± 1) nm. The PC
template average pore size was ≈ (227 ± 92) nm [141] indicating that the NWs grew to
less than the diameter of the pores themselves. The nominal thickness of the template
was ≈ 12 µm and after freeing the NWs from the template through a controlled burning
process, the approximate length was found to be ≈ 10 µm as can be seen in Fig. 3.6b. This
small difference was likely due to breakages of the NWs from the electrode during sample
preparation. Fig. 3.6c shows how the NWs broke up into smaller pieces when released, and
hence the template served to protect the NWs while they were still embedded.

Fig. 3.7a shows a TEM image of a single freed ZnO NW. The NW was composed of
large ZnO polygonal crystallites of sizes between 100 nm – 150 nm. The inset shows the
HR–TEM image of one ZnO crystallite, with the lattice fringe spacing of plane (100) = 0.28
nm of phase–pure ZnO indicated. The growth direction of the NW was along the [100] axis
which was parallel to the long axis of the NW. Fig. 3.7b shows the selected area electron
diffraction (SAED) pattern of the ZnO NWs that mostly showed a single crystalline pattern
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(a) (b)

(c) (d)

(e) (f)

Fig. 3.3 X–ray diffraction spectra on the left and the corresponding scanning electron
microscopy images on the right, of ZnO nanowires in PC templates grown via template–
assisted electrodeposition. (a) and (b) were grown at - 0.8 V, (c) and (d) at - 1.0 V and (e)
and (f) at - 1.2 V. The texture coefficients in (a), (c) and (e) are TC(002) = 2.0, TC(100) =
4.0 and TC(002) = 4.4 respectively. The unlabelled peaks are from the PC template. Figures
(c) and (d) are taken from the author’s work from Ref. [5], reproduced with permission from
IOP Publishing.
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(a) (b)

Fig. 3.4 X–ray diffraction patterns of a ZnO nanowire array in a PC template: (a) before
cleaning with HCl and (b) after cleaning. The texture coefficients are TC(002) = 4.7 and
TC(100) = 2.8 in (a) and (b) respectively. The unlabelled peaks are from the PC template.
These figures are taken from the author’s work from Ref. [5], reproduced with permission
from IOP Publishing.

with a superimposed polycrystalline ring pattern from the adjacent polycrystalline crystallites
of ZnO. Major diffraction planes such as (100), (101) and (102) have been indexed. The
diffraction spots revealed a hexagonal lattice structure.

From the XRD, SEM and TEM measurements, it can be inferred that the PC template
influenced the growth rate of the different crystal planes. Without the template, NWs with the
[002] axis orientated parallel to the long axis tend to grow because the high surface energy
polar faces grow faster than the non–polar faces. This may have been altered by the PC pore
surface energy and in this case, the NWs were formed of single crystal NPs with the [002]
axis parallel to the plane of the template, stacked on top of one another within each pore.
Considering the large crystallite size, it may be possible to grow single crystal ZnO NWs via
this method if they were a lot shorter, however, with such high aspect ratio NWs, they were
found to be polycrystalline.

The effect of crystallinity of the NWs on NG performance has previously been studied,
and indicates that as the size of the crystallites within ZnO NWs [305] or NTs [231] increases,
the V and I output increases. This is due to the decrease in the number of grain boundaries
and defects for larger crystallites, which is seen in XRD patterns as the narrowing of the
preferred orientation peak [231].

For use in NGs, single crystal NWs are preferred over polycrystalline ones because there
is a single domain of electric dipoles with one PPP direction. In polycrystalline materials, the
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(a) (b)

(c) (d)

Fig. 3.5 Energy dispersive X–ray analysis of ZnO nanowires in a PC template: (a) a colour
map of Zn, (b) a colour map of Zn overlaid onto a scanning electron microscopy image, (c)
the spectrum of the colour map in (a) and (d) the spectrum of the colour map in (b). Figures
(b) and (d) are taken from the author’s work from Ref. [5], reproduced with permission from
IOP Publishing.
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(a)

(b) (c)

Fig. 3.6 (a) A histogram of the diameter of ZnO nanowires measured from Fig. 3.3d and
(b) and (c) are scanning electron microscopy images of the nanowires released from a PC
template on SiO2 wafer substrates. These figures are taken from the author’s work from
Ref. [5], reproduced with permission from IOP Publishing.
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(a) (b)

Fig. 3.7 (a) A transmission electron microscopy image of a ZnO nanowire with an inset of
a high resolution image of a single crystallite and (b) the selected area electron diffraction
pattern. These figures are taken from the author’s work from Ref. [5], reproduced with
permission from IOP Publishing.

multiple domains may be aligned in different directions and therefore reduce the overall
PPP. With this in mind, ZnO seed layers were grown via ED on ITO glass substrates as a
preliminary step before TAED. This was to see whether [002] axis orientated single crystal
ZnO NPs could seed the growth of NWs inside PC templates. Fig. 3.8 shows the three
attempts at electrodepositing seed layers at - 0.7 V, - 1.0 V and - 1.2 V. At - 0.7 V, there was
very little deposition and compared to the transient I profile in Fig. 3.2, there was a very
small I of < 1 mA, and so the deposition was stopped after 60 s. At - 1.0 V, there was some
growth but with [101] axis orientation, and at - 1.2 V, ZnO seeds were grown with [002]
preferred orientation. The ZnO seeds with hexagonal structure can be seen in Fig. 3.8f. This
third attempt is a promising result for future work.

3.2.3 Scanning Probe Microscopy

The final characterisation performed on ZnO NWs was ND–PFM, a modified PFM technique
introduced in Section 2.4.2, developed and executed by Dr Yonatan Calahorra. This technique
was used because contact mode PFM moved the NWs across the substrate. KPFM was
performed prior to ND–PFM and Figs. 3.9a and 3.9c show the topography and KPFM images.
These images show an area of multiple NWs and an area with a single NW poking out from
the bundle. This explains the noisy signal in the lower half of the images where the response
of the tip was not fast enough to image multiple NWs so close together. The surface potential
along the NW was ≈ 1 V hence why this value was used as the dc bias V during ND–PFM.



90 Zinc Oxide Nanowire–based Nanogenerators

(a) (b)

(c) (d)

(e) (f)

Fig. 3.8 Growth of ZnO seed layers on ITO coated glass substrates using different deposition
voltages and times. X–ray diffraction patterns are aligned to the left of the corresponding
scanning electron microscopy images. Red crystal plane labels indicate ITO and the black
ones indicate ZnO. (a) and (b) were performed at - 0.7 V for 60 s, (c) and (d) at - 1.0 V for
300 s with texture coefficients of TC(101) = 1.8 and TC(102) = 2.1 and (e) and (f) at - 1.2 V
for ≈ 900 s with TC(002) = 2.7.
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Fig. 3.9e shows the QNM® topography image measured during ND–PFM where the
scanning direction was rotated to focus on just one section of the single NW. The NW
diameter was found to be ≈ 130 nm but this does not include the uncertainty introduced from
the tip shape and radius. Both the vertical and lateral tip deflection during ND–PFM were
measured and are shown in Fig. 3.9b and Fig. 3.9d respectively.

The values of i and j in dij, which both the vertical and lateral signals represent, is unclear
because of the polycrystalline nature of the NWs. It is not possible to know the direction of PPP
of each individual nanocrystal at each point during the ND–PFM scan, but knowing that d33

is the largest ddd coefficient in ZnO and that the vertical deflection was in the same direction
as the applied potential which induced the indirect piezoelectric effect, it can be inferred
that the sharp peak in Fig. 3.9b is most likely the d33 value of ≈ 12.5 pm V−1. Additionally,
the XRD patterns and TEM images in Section 3.2.2 showed that the preferred orientation
along the long axis of the NWs was in the [100] direction which is perpendicular to the [002]
direction and because the NWs were lying flat on the substrate, it makes sense that some of
the nanocrystals will be polarised along the polar piezoelectric axis during ND–PFM.

The topography signal has been overlaid in Figs. 3.9b and 3.9d to show the two edges
of the NWs. For the vertical deflection, the increase in the PFM signal coincides with the
topography edges. For the lateral deflection, it is more difficult to interpret the signal because
of the 2D aspect and the calibration was performed for the vertical deflection only, however,
there is a non–zero value which is different whilst scanning over the NW than compared to
scanning over the substrate.

3.2.4 Characterisation Conclusions

Polycrystalline ZnO NWs with single crystal crystallites grown via TAED in flexible PC
templates have been characterised using SEM, XRD, EDX, TEM and SPM. It has been
shown that when using different deposition potentials during ED, different growth rates and
therefore different filling rates of the templates occurred. At - 1.0 V, ZnO NWs filled the
pores without depositing a top film, as long as the I profile was monitored and stopped just
when it started to increase with time. Deposition potentials smaller in magnitude led to slow
growth and potentials greater in magnitude led to growth of a top surface film coating the
template.

It was found that ZnO films grew with different preferred orientations on ITO coated
glass substrates depending on the deposition potential and grew with [002] orientation at -
1.2 V. NWs inside PC templates grew with [100] orientation even at this potential as well as
at - 1.0 V.
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(a) (b)

(c) (d)

(e)

Fig. 3.9 Scanning probe microscopy of ZnO nanowires: (a) and (c) are the topography and
Kelvin probe force microscopy (KPFM) images measured during KPFM, (b) and (d) are
the vertical and lateral piezoresponse force microscopy (PFM) signals measured with non
destructive PFM (ND–PFM), and (e) is the quantitative nanomechanical mapping image
measured during ND–PFM. These images are courtesy of Dr Yonatan Calahorra.
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EDX analysis confirmed the presence of Zn inside the pores and the diameters of the
NWs were found to be slightly smaller than the pore sizes, as seen from SEM imaging. TEM
confirmed that the NWs grew in a hexagonal wurtzite crystal structure and hence in their
piezoelectric phase. The growth direction was along [100] which was parallel to the long
axis of the NWs. ZnO seed layers were grown on ITO coated glass substrates at - 1.2 V with
[002] orientated seeds, which have the potential to be used as an initial step for TAED to
grow NWs in this orientation.

KPFM and ND–PFM on ZnO NWs showed that the measured value of d33 was ≈ 12.5
pm V−1 which is of the same order as values quoted in the literature. Because the NWs were
polycrystalline, the PFM signal varied across the NW width and length.

3.3 Device Fabrication and Characterisation

In this section, the use of vertically aligned ZnO NWs arrays embedded in PC templates
for NGs is discussed. This includes the experimental details of converting the arrays into a
NG as well the parameters used to test the device as an energy harvester. The results of the
electromechanical or energy harvesting testing are then presented including efficiency and
fatigue analysis.

3.3.1 Nanogenerator Fabrication

For the NG fabrication, a vertically aligned polycrystalline ZnO NW array of high aspect
ratio ∼ 65 grown via TAED with preferred orientation of the [100] axis parallel to the long
axis of the NWs (hence with crystal plane growth parallel to the [002] c–axis), was grown via
TAED at - 1.0 V for ≈ 15 minutes. With the NW array directly grown and embedded in a PC
template with one electrode already attached, the resulting NG comprised a flexible ZnO–PC
composite with a second top electrode applied with a layer of electrically conductive adhesive
transfer tape and a piece of Al foil on top. Both electrodes had the same area, ≈ 3 cm2, and
these electrical contacts were made to each end of the NWs. There was no Ag sputtered
electrode for the second top electrode because when this was attempted originally, electrical
shorting was observed. A second Cu wire was attached with Ag conductive paint to this top
electrode. Fig. 3.10a displays a schematic diagram of the device architecture and Fig. 3.10b
is a photograph of an empty PC template with the final ZnO NG underneath.
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(a) (b)

Fig. 3.10 A ZnO nanowire (NW)–based nanogenerator: (a) a schematic diagram of the device
architecture and (b) a photograph of an empty PC template and a device below.
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3.3.2 Energy Harvesting Experimental Details

The ZnO NG was tested in both flex mode and impact mode with the shaker as well as flex
mode by hand. The input peak–to–peak voltage (V pp) was 6 V at 5 Hz with an amplifier gain
of 3 and which led to a 4.08 mm oscillation amplitude for the shaker in flex mode. In impact
mode, V pp was 1 V at a range of frequencies and an amplifier gain of 3. At 5 Hz this equated
to an oscillation amplitude of 0.68 mm. For the preliminary flex mode test, only Voc and Isc

were measured without any electrical shielding whereas for the impact mode, V and I were
also measured across and through resistors inside the grounded Al box.

An I–V sweep of a single ZnO NG was performed sourcing V from a sourcemeter
(Keithley 2400) between - 10 V and 10 V with a 50 mV step size and delay of 0.1 s, and
simultaneously measuring I using the same sourcemeter and an automated LabView program,
written by Dr Sam Crossley, a previous postdoctoral researcher in the group. Each wire of
the NG was soldered to a circuit board and crocodile clips to banana cables were used to
connect to the positive and ground terminals of the sourcemeter.

3.3.3 Energy Harvesting Results

Initially, Voc and Isc of a ZnO NG were measured in flex mode and the results are plotted in
Fig. 3.11. Figs. 3.11a and 3.11b were measured by the shaker set–up and Figs. 3.11c – 3.11d
by hand. The peak–to–peak open–circuit voltage (V pp

oc ) was found to be ≈ 0.12 V and the
peak–to–peak short–circuit current Ipp

sc ≈ 2.5 nA when the device was tested in flex mode
with the shaker. With flex mode by hand, the motion was much less restricted because the
NG was fully flexed from a flat position to being bent in half, periodically, and so the NWs
experienced more strain and significantly more energy was input into the system. This is
reflected in the relatively high V pp

oc ≈ 4 V and Ipp
sc ≈ 15 µA. Because the direction of PPP was

found to be parallel to the template surface, in flex mode it was the d33 which was the most
relevant piezoelectric coefficient, whereas in impact mode, discussed later in this section it
was d31. (This device was made in collaboration with Tim Davies during an undergraduate
research project [306]).

On excitation in flex mode using the shaker, the NWs were deformed by being bent along
their length and due to the piezoelectric effect, an EEE was generated inside. The stretched side
of the NW underwent positive SSS and the compressed side underwent negative SSS which led
to the relative displacement of cations with respect to anions through the crystal structure.
Surface charge was then generated and electrons flowed from the NW through the external
circuit via the electrodes at each end of the NW array. This was the reason for the peak in I
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(a) (b)

(c) (d)

Fig. 3.11 Electrical output of ZnO nanogenerators based on ZnO nanowires embedded in
flexible PC templates. Tested using the energy harvesting set–up described in Fig. 2.11 in
both flex mode, with the peak–to–peak input voltage to the magnetic shaker 6 V at 5 Hz with
an amplifier gain of 3 and hence an oscillation amplitude of 4.08 mm, and in flex mode by
hand. (a) Open–circuit voltage after a 50 Hz low pass fast Fourier transform filter and (b)
short–circuit current, both in flex mode using the shaker. (c) Open–circuit voltage and (d)
short–circuit current both in flex mode by hand.
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Fig. 3.12 A ZnO nanogenerator current–voltage curve.

and V . I flows in the opposite direction as the shaker moves back to its original position and
the NWs relaxed back to neutral [13]. This led to the ac output seen in Fig. 3.11a and 3.11b.

An I–V curve, displayed in Fig. 3.12 showed rectifying behaviour as the contact between
the semiconducting ZnO and the metallic Ag / Al electrodes was a Schottky barrier. The
electron affinity of ZnO is ≈ 4.2 eV but this varies depending on the crystal structure and
chemical defects [307] and the work function, although not measured, must have been greater
than this in order to explain the observed rectifying behaviour. The Schottky barrier needed
to be significant enough to prevent too much leakage [308].

In order to calculate the power output of the NG rather than just Voc and Isc, an external
load resistor was connected in series to measure the V drop across it and the I flow through it.
In any real application, power will be dissipated across a load and when the impedance of the
NG matches the load impedance, this dissipation will be maximum. For this reason, the output
power was measured across 10 different resistors and is plotted alongside Vrms across each
load in Fig. 3.13e. The peak in output power occurred under impedance–matched conditions
across a resistor of ≈ 20 MΩ. Fig. 3.13a displays V measured across an impedance–matched
resistance of 20 MΩ at 5 Hz, 10 Hz and 25 Hz, and in Fig. 3.13b across 1 MΩ, 10 MΩ

and 100 MΩ resistors at 5 Hz (see Fig. 2.12b for the circuit diagram). V pp increased with
frequency due to higher acceleration, and hence force, of the impacting arm. The increase in
frequency was also reflected in the increase in gradient of the compression and release peaks
and troughs. As the resistive load increased, the voltage drop and hence V pp increased. The
width of the peaks widened as the load increased due to the longer time constant (product of
R and C) resulting in slower charge and discharge. Figs. 3.13c and 3.13d show the equivalent
plots for I measured in series with the NG and the resistors. A similar pattern is shown
with frequency for the same reason as for V , and the reverse trend is shown with increasing
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load R as less I was measured through a higher resistor. The same peak broadening was
demonstrated at higher loads.

Fig. 3.13f shows the fatigue characteristics of the NG under continuous impacting over
24 hours. After an initial ≈ 11 % decrease in V pp within the first 2 hours, the NG maintained
a reasonably constant output V throughout the fatigue test, and the device did not show any
visible physical damage.

Table 3.1 outlines the full electrical characteristics. Average peak Voc and Isc were the
average values over 36 peaks. Rms current (Irms) and Vrms were calculated from the average
of three values from 5.5 cycles each. The various power values, which were defined in
Section 2.5.2, were calculated using A = 3 cm2, L = 12 µm and m = 0.0803 g (Analytical
Series, Fisher Scientific). The average energy density per cycle (W ) was calculated from the
average of three values of the integral of power over 11 peaks, and so χ was calculated by
Eqn. 3.5:

χ =
t ′Iscg2

31L
2AsE

31Voc
x 100 (3.5)

where t ′ = period of one cycle [12]. The value used for g31 was 0.06 and sE
31 was 30 [141].

From this, χ ′ was calculated from Eqns. 3.6 – 3.7 below:

χ
′ =

total electrical energy output by NG per cycle
total mechanical energy input into system per cycle

x 100 (3.6)

=
Wout

Win
x 100 (3.7)

where

Wout =
∫ t ′

0
power(t)dt =

∫ t ′

0

V 2(t)
R

dt (3.8)

Win =
1
2

mv2 =
1
2

mω
2a2 (3.9)

where in this case v = velocity, ω = angular frequency and a = oscillation amplitude.
Win ∼ 0.5 x 13 g x (2π x 5 Hz)2 x 0.68 mm2 = 3 µJ which is an estimate of the maximum
possible mechanical energy input of the impacting arm per cycle. Numerical values are either
approximate or rounded to an appropriate decimal place and errors have been calculated
from the standard deviations of average values or propagated from measurement errors.
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(a) (b)

(c) (d)

(e) (f)

Fig. 3.13 Electrical output of ZnO nanogenerators based on ZnO nanowires embedded in
flexible PC templates. Tested using the energy harvesting set–up described in Fig. 2.11 in
impact mode with the peak–to–peak input voltage to the magnetic shaker 1 V at 5 Hz, an
amplifier gain of 3 and hence an oscillation amplitude of 0.68 mm which translates to an
input energy of ≈ 3 µJ. (a) Voltage vs. time, (b) voltage vs. load resistance, (c) current
vs. time, (d) current vs. load resistance (e) root mean square voltage and power vs. load
resistance and (f) voltage fatigue vs. time. These figures are taken from the author’s work
from Ref. [5], reproduced with permission from IOP Publishing.
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Table 3.1 ZnO nanogenerator electrical performance parameters. This table is taken from the
author’s work from Ref. [5], reproduced with permission from IOP Publishing.

Isc Voc PA Pd P′ W
nA mV µW m−2 mW m−3 µW kg−1 nJ m−2

24.7 ± 0.2 283 ± 1 1.82 ± 0.03 151 ± 25 6.79 ± 0.07 372 ± 2

χ ηT ηS χ ′

% pJ m−3 Pa−2 GJ m−3 x 10−3 %

≈ 4.2 ≈ 1.26 ≈ 1.40 ≈ 3.76

It is difficult to compare these results directly with other NGs published in the literature
as there is still not a universal figure of merit used. Isc and Voc were most frequently reported
in earlier papers and then more recently power values started appearing. These values
make it difficult to compare different devices because they do not incorporate the device
dimensions or the kinetic energy input. It is χ ′ which is necessary to accurately compare
device performance in an energy harvesting context. ZnO NW–based NGs fabricated by HS
within PC templates have been studied by Canlin Ou, a PhD student in the group, and when
tested in impact mode showed comparable performance to the NGs presented here, including
χ ≈ 4.2 % [141].

Flexible, polymeric PC templates rather than stiff, brittle AAO templates were used
because of the higher flexibility of the former which allows the final NG device to be more
compliant and less prone to mechanical fracture. This is what makes this device a TNG rather
than a SNG, because the embedded ZnO NWs were stiffer than the surrounding PC template.
Additionally, the presence of the template reduced both the likelihood of electrical shorting
when the electrodes are applied in the final NG device, as well as the likelihood of gases
being adsorbed onto the surface of the NWs. This can help reduce the effect of a reduced
polarisation potential due to external screening of the polarisation charges resulting in a
reduced output V , without the need for surface passivation as previously reported [57, 257].

3.3.4 Energy Harvesting Conclusions

Vertically aligned ZnO NWs embedded in PC templates has been tested as a vibrational
energy harvesting device. The NG was periodically flexed and impacted and the I, V and
power characteristics were measured. From these measurements, efficiencies χ and χ’ were
deduced and it was found that although low, are comparable to other similar devices. It is not
possible to directly compare the performance of flex mode and impact mode because they
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had different input energies but the former is a demonstration of the NG as a flexible energy
harvester.

Fatigue performance is not very often presented, but here the ZnO NG V output was
found to drop by only ≈ 11 % after 2 hours of continuous impacting and subsequently
maintained its output for a further 22 hours. The measurement system started to over–heat
and so the measurements were stopped at this point. Fatigue performance in flex mode as
well as electrical output analysis similar to that calculated for impact mode would be a useful
future investigation in order to compare the different vibrational modes more precisely.

3.4 Conclusions

TAED is a simple, cost–effective, low–temperature and hence scalable fabrication technique
which has been used here to grow a vertically aligned ZnO NW array embedded in a
flexible PC template. The embedded nature of the NWs contributes towards its good fatigue
performance, which is otherwise seldom reported in the literature. Different deposition
potentials led to different growth rates and the deposition time was used to control the filling
of the pores without the formation of a film on top of the template. The NWs fabricated in
this way were polycrystalline with single crystal crystallites with the [100] axis orientated
parallel to the growth direction. Preliminary investigations into using seeded growth on a
substrate prior to TAED showed potential to achieve a growth direction parallel to [002] axis
and this would then lead to PPP being parallel to the applied TTT when being excited in impact
mode. This would be desirable as d33 and k33 are maximum for ZnO, and would likely be
achieved in NWs having small aspect ratio. The nanoscale piezoelectric properties of the
ZnO NWs have been confirmed by ND–PFM including quantitative measurements of dij,
which are of the same order as previously reported values for ZnO.

Good energy harvesting performance was found, as evidenced by V and I data at varying
impacting frequencies and measured across varying resistive loads, for up to 24 continuous
hours of testing. The aligned nature of the embedded NWs ensured good piezoelectric
performance across the entire device under impacting, while the PC template ensured me-
chanical stability and longevity of the device. The confined growth process achieved through
TAED thus overcame problems typically arising due to mechanical and/or environmental
degradation in ZnO–based nanostructures that limits their applicability in vibrational energy
harvesting. Importantly, the TAED method for growing ZnO NWs and subsequent NG
fabrication required only a single growth process and minimal post–deposition processing,
and can thus be easily scaled up for low–cost and long–lasting energy harvesting applications.
Considering some low power wireless sensor nodes require only ∼ 100 µW to operate, the
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power densities reached here of 151 mW m−3 for a single ZnO NW–based NG, already has
the potential to be a compatible energy harvester.



Chapter 4

Ni – P(VDF–TrFE) Core–Shell
Nanowires

Ferroelectric polymer NWs are flexible and robust structures in comparison with semicon-
ducting and ceramic NWs, and have similarly simple solution–processable synthesis routes
to ZnO NWs. In this chapter, the growth of P(VDF–TrFE) NWs and hollow NTs, using
solution processed template–based wetting methods, is presented along with their structural
and crystalline properties. Although these ferroelectric nanostructures have many uses in
their own right, including being the piezoelectric component in NGs, it is the NTs that is of
main interest here for the shell in (1–1) / core–shell / coaxial NWs. The core can be filled
via TAED with a ferromagnetic material, Ni, and the resultant structure formed is a ME
composite NW. Pure Ni NW growth via TAED as well as the core–shell growth and the
structural and crystalline properties of each of the nanostructures is presented here. The ME
nature of the nanostructures is discussed in Chapter 5.

4.1 P(VDF–TrFE) Nanotube Growth

P(VDF–TrFE) NWs were grown by solution–wetting, while P(VDF–TrFE) NTs were grown
by three methods: solution–wetting, melt–wetting and vacuum–wetting. The general con-
cepts of these techniques are outlined in Section 2.1 and so here, the experimental details
that are identical to all methods are presented, followed by separate sections on each method
to highlight the differences. The growth results, including SEM imaging, then follows.

P(VDF–TrFE) powder with a composition of 70:30 by weight of VDF:TrFE (Piezotech,
France) was dissolved in 2–butanol (C4H10O) (Sigma–Aldrich) at varying concentrations
between 1 % – 10 % weight / weight (wt / wt). The solutions were placed in an ultrasonic bath
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for ≈ 1 hour and left overnight to ensure complete dissolution of the powder. Nanoporous
AAO templates were used, the details of which are included in Section 2.1.1. The area of the
template used was ≈ 2 cm2 which produced ∼ 1010 NWs / NTs [7].

4.1.1 Solution–wetting

For the solution–wetting procedure, AAO templates were mounted onto 50 mm2 glass slides
with PI tape. Layers of Ag were sputter–deposited on both sides of the template: 15 nm (40
mA, 45 s) on top (the side to be drop–casted on) and 50 nm – 100 nm (40 mA, 4 minutes)
underneath. The thin top layer provided a protective layer at the edges of the pores, without
filling the pores, to make it easier to remove the residual film that was left after drop–casting
and the underneath layer prevented the template sticking to the glass slide.

The full fabrication process is provided in Fig. 4.1 which is taken from work by R.
Whiter [13]; a more detailed explanation is given in this reference. Approximately 150 µl
of the P(VDF–TrFE) solution was drop–cast with a pipette onto the templates per 2 cm2

surface area. Both NWs and NTs were fabricated in this way with the only difference being
the concentration of the polymer solution used. Roughly, for solutions with concentration 6

7 % wt / wt, NTs were formed, and for > 7 % wt / wt, NWs were formed; this is discussed in
more detail in Section 4.1.5. The templates were then left on a hotplate at 60 ◦C overnight to
allow for complete infiltration and evaporation of the solvent, resulting in the formation of
NTs and NWs within the pores.

A residual film of ≈ 10 µm was left after curing and so to remove this, the templates were
submerged in 1 M ferric nitrate (Fe(NO3)3) (Sigma–Aldrich) in water for 1 hour to etch the
Ag layers without affecting the P(VDF–TrFE). The templates were rinsed in DI water and
submerged in acetone which etched the now loosely attached film. The time spent in acetone
varied on the sample as the film lift–off was observed by eye. During the acetone etch the
beaker was placed in an ultrasonic bath for 10 s to help loosen the film. The samples were
rinsed again in DI water and then dried with a compressed air gun. The Ag layer allowed the
etching to take place across the template surface rather than through the pores.

4.1.2 Melt–wetting

The 8 % wt / wt P(VDF–TrFE) solution was used for the melt–wetting synthesis of NTs.
The plastic rim, seen in Fig. 4.2b, around the edge of the AAO templates that was used for
handling was cut away with a blade and replaced with double–sided PI tape, as the plastic
rim had a lower melting point than the temperature used during the melting process in this
method. P(VDF–TrFE) films were spin–coated: 10 s at 500 rpm followed by 1 minute at
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(a)

(b)

Fig. 4.1 (a) An illustration of the solution–wetting method used to grow P(VDF–TrFE)
nanotubes and nanowires. This technique was developed by R. Whiter [7]. (b) A photograph
of an empty anodic aluminium oxide template at the top and a P(VDF–TrFE) filled template
underneath.
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1000 rpm (Model WS-650 Mz–23NPPB, Laurell Technologies) onto 25 mm2 glass slides,
cleaned in acetone, ethanol, IPA and DI water and dried with compressed air gun prior to
use. The films were then cured for 1 hour at 100 ◦C in an oven (Heratherm, ThermoFisher
Scientific). The films were peeled off the glass substrates and placed on top of the templates
using one film per template. The film coated templates were then placed in the oven at
185 ◦C for 1 hour. Compared to the solution–wetting method, the residual film left after
melt–wetting was significantly thinner and so instead of using an aggressive acetone etch
to remove it, plasma etching was used by placing the filled templates in an O (25 %) / Ar
(75 %) plasma cleaner (Emitech K1050x) at 100 W for 40 minutes. The whole melt–wetting
procedure was then repeated on the other side of the template using a second film. Finally,
the filled templates were cured for 12 hours at 100 ◦C to improve the crystallinity of the NTs.
Fig. 4.2a displays an illustration of the melt–wetting procedure.

4.1.3 Vacuum–wetting

Vacuum–wetting was the third way that P(VDF–TrFE) NTs were synthesised. An oil pump
(Edwards) was connected to one side of a glass beaker with a ceramic filter (Pyrex®) and the
other side to a conical flask (Pyrex®). A piece of filter paper (Fisher Scientific) was placed on
top of a sieve both sitting on top of the conical flask and a single AAO template was placed
on the filter paper. After releasing the valve to the pump, 8 % wt / wt P(VDF–TrFE) solution
was drop–cast onto the template covering the surface for ≈ 30 s. The valve was then shut
and the top side of the template was wiped on some lint–free paper (Safetiss, AF) to remove
the excess solution. This process was repeated three times per side. This method is outlined
in Fig. 4.3 and was developed in conjunction with Dr Anuja Datta, a postdoctoral researcher
working in the group.

4.1.4 Sample Preparation for SEM

For SEM (Leo Gemini 1530VP Variable Pressure) and EDX (Nova NanoSEM), NWs and
NTs were imaged both from top–down and in cross–section. The samples were prepared
by breaking the filled templates into ≈ 1 mm2 pieces with tweezers. The samples were
attached directly onto SEM stubs with carbon tape. To view the NWs and NTs freed from
the AAO templates, they were either partially or fully etched to release them into a solution
and deposited onto pieces of SiO2 wafer. For the partial etch, the pieces of filled template
were stuck directly to SiO2 wafer prior to being submerged in 12.5 % wt / wt phosphoric
acid (H3PO4) in DI water (from 80 %, Sigma–Aldrich) for 3 hours. For the full etch, pieces
of template were submerged in the acid in 2 mL centrifuge vials (Sigma–Aldrich) with a
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(a)

(b)

Fig. 4.2 (a) An illustration of the melt–wetting method and (b) a photograph of an empty
anodic aluminium oxide template at the top and a P(VDF–TrFE) filled template underneath.
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Fig. 4.3 An illustration of the vacuum–wetting method.

7 mm x 2 mm magnetic follower and left on a magnetic stirrer / hotplate overnight. The
NW and NT dispersions were then drop cast onto the SiO2 wafer directly or the vials were
topped up with DI water and placed in a centrifuge (Sigma 1 – 14 Microfuge) for 1 hour 15
minutes at 14000 rpm. This resulted in the nanostructures collecting at the bottom of the
vial and allowed for the phosphoric acid solution to be removed and replaced with DI water
leaving freed NWs / NTs suspended in DI water. This acid removal / cleaning process was
repeated three times before drop–casting the dispersions onto SiO2 wafer and being dried
with a compressed air gun. This process is summarised in Fig. 4.4.

4.1.5 P(VDF–TrFE) Nanotube Growth Results

In this section, SEM images of the P(VDF–TrFE) NWs and NTs fabricated via the template–
based methods described above are presented and discussed. For the case of solution–wetting,
as the solution filled the pores of the template, the walls were covered first and eventually the
polymer snapped across and filled the central core. At low concentrations of the polymer
solution, 6 7 % wt / wt, just the walls were covered, examples of which are displayed in
Figs. 4.5a – 4.5c. These images are of the underside (not wetted side) of P(VDF–TrFE)
NT–filled AAO templates using 1, 2 and 5 % wt / wt concentrations. Although at > 7 % wt /
wt NWs form, even at 5 % wt / wt there appeared to be a mix of NWs and NTs whereas at 2
% wt / wt the majority of pores looked filled with NTs. This was due to the variation in pore
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Fig. 4.4 An illustration of P(VDF–TrFE) nanowires / nanotubes being released from the
anodic aluminium oxide templates in which they were grown, onto SiO2 wafer for viewing
in a scanning electron microscope.

sizes in the purchased templates. SEM images of empty, as–bought templates are displayed
in Fig. 2.2a in Section 2.1.2 for comparison.

When the polymer concentration was 10 % wt / wt, NWs formed and a cross–section of
a filled AAO template for this case is shown in Fig. 4.5d. The long string–like structures are
the NWs which had been stretched during preparation of the sample for SEM. Freed NWs
and NTs are displayed in Fig. 4.6a and Figs. 4.6b–4.6e respectively. The NTs in these images
were fabricated by solution–wetting using a 2 % wt / wt polymer solution and did not form
complete shells. Fig. 4.6f shows an example of a partial template etch for the same NTs.

Increasing the concentration of the polymer solution produced thicker NT walls, but
still produced shells that were not connected around the whole diameter. To increase the
wall thickness further and to improve the robustness of NTs, the melt–wetting method
was introduced and some examples of the NTs fabricated via this method are displayed in
Figs. 4.7a– 4.7b. The walls were found to be thicker compared to using the solution–wetting
method and more of the NTs formed complete shells. During the fabrication of NTs in this
way, a long plasma etch time was used during the removal of the residual film on the surfaces
of the templates, which could have led to wall thinning as well as film removal.

Vacuum–wetting also produced NTs, some whole and some split and was used as an
additional technique because it was quicker and simpler than melt–wetting. Figs. 4.7c– 4.7d
show the top–down and cross–section views of the NTs in AAO templates. The removal of
the residual film was a lot more straight forward and worked successfully, as can be seen in
Fig. 4.7c.
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(a) 1 % (b) 2 %

(c) 5 % (d) 10 %

Fig. 4.5 Scanning electron microscopy images of P(VDF–TrFE) nanotubes and nanowires in
anodic aluminium oxide templates. The caption labels are the % wt / wt of polymer solution
used.
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(a) 10 % (b) 2 %

(c) 2 % (d) 2 %

(e) 2 % (f) 2 %

Fig. 4.6 Scanning electron microscopy images of freed P(VDF–TrFE) nanowires and nan-
otubes synthesised by solution–wetting. The caption labels are the % wt / wt of polymer
solution used, (a)–(e) are single nanostructures laying flat on the substrate and (f) is an array
of nanotubes standing up.
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(a) (b)

(c) (d)

Fig. 4.7 Scanning electron microscopy images of P(VDF–TrFE) nanotube arrays fabricated
by (a) – (b) melt–wetting and (c) – (d) vacuum–wetting where (c) is a top–down view and (d)
a cross–section of the nanotubes in the anodic aluminium oxide template.
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4.1.6 P(VDF–TrFE) Nanotube Growth Conclusions

P(VDF–TrFE) NTs were grown via three solution–processable template–based wetting
techniques: solution–wetting, melt–wetting and vacuum–wetting. Solution–wetting has also
been shown to produce NWs and all three methods are low–temperature, simple processes.
When the concentration of the polymer solution was too low, NTs with unclosed shells
formed and as the concentration was increased, the wall thickness increased and were more
likely to form into closed shells.

Both solution–wetting and melt–wetting growth techniques have been used with TAED
to make (1–1) ME composite NWs as is discussed in the next section.

4.2 Ni and Ni – P(VDF–TrFE) Nanowire Growth

Similarly to ZnO NWs, TAED, in particular potentiostatic ED, has been used for the growth
of Ni NWs and the Ni cores of Ni – P(VDF–TrFE) (1–1) NWs. The specific experimental
details for Ni growth using this method are outlined in this section, both directly into AAO
templates and in P(VDF–TrFE) NT filled templates.

4.2.1 Template–assisted Electrodepositon

In the electrolyte bath, there are various Ni salts which can be used as the source of Ni ions.
When dissolved, they dissociate into divalent positively charged Ni2+ ions and when I flows,
they accept two electrons and are converted to metallic Ni on the cathode surface / working
electrode [309]. At the anode, OH− anions reduce and the main reactions at the cathode and
anode are described by Eqns. 4.1 and 4.2:

Cathode : Ni2++2e− → Ni (4.1)

Anode : 4OH− → 2H2O+O2 +4e− (4.2)

The most common bath to be used is the Watts bath: nickel sulphate (NiSO4), nickel
chloride (NiCl2) and boric acid (H3BO3) but here a variation of this, without the NiCl2 has
been used to make the preparation safer. Instead, the electrolyte contained 100 ml of NiSO4

(120 g/L) (98 % Alfa Aesar) and H3BO3 (45 g/L) (+ 99 % Alfa Aesar) in DI water with a
pH of 4.5, measured with pH paper (Panphea), at room temperature (22 ◦C). The salt was
dissolved in DI water using a magnetic follower on a hotplate / magnetic stirrer and heated to
40 ◦C to speed up the dissolution. The boric acid in the electrolyte acted as a pH buffer; it
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Fig. 4.8 A photograph of an empty anodic aluminium oxide template above and a Ni filled
template underneath.

prevented the cathode from becoming too alkaline [310] as the pH tended to increase from
discharge of H+ ions, which liberated H2 gas. The boric acid limited the effect on the pH
that the gas release had [309].

The same template preparation was used here as described in Section 3.1.2, but AAO
and PC templates were both used. An additional layer to the electrode was added using
conductive Cu tape to increase the conductivity of the electrode before being covered in PI
tape. The applied potential relative to the reference electrode was - 2.5 V for preliminary tests
but this resulted in large Ni deposits on the top of the template without filling the pores. The
deposition potential was reduced to - 1.0 V to avoid this and in empty AAO templates, the
deposition time to completely fill them without a top film forming was 6700 s. The deposition
time was approximately linearly related to the length of the NWs, so for half–filled templates
the deposition time was 3350 s for example. These growth parameters are summarised in
Table 4.1. Fig. 4.8 shows a photograph of AAO templates before and after Ni deposition.

4.2.2 Core–shell Growth

To make the core–shell (1–1) NWs, both solution–wetting and separately melt–wetting of
P(VDF–TrFE) was used in combination with TAED of Ni. For solution–wetting, 2 % wt / wt
P(VDF–TrFE) solution was used via the method outlined in Section 4.1.1. A Ag electrode
was added, similar to the ZnO and Ni deposition template preparation prior to ED, and
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Table 4.1 Growth parameters for electrodeposited Ni nanowires and Ni – P(VDF–TrFE)
core–shell nanowires.

Sample Deposition voltage / V Deposition time / s

Ni - 2.5 503
Ni - 1.0 6700
Ni - 1.0 3350

Ni–P(VDF–TrFE) - 2.5 570
Ni–P(VDF–TrFE) - 1.0 5025

for early attempts, the deposition potential used was - 2.5 V for 570 s. Melt–wetting then
replaced solution–wetting.

After performing a P(VDF–TrFE) melt on one side of the template as described in
Section 4.1.2, and after adding an electrode, TAED was performed on the same side. The
deposition time was 5025 s and after the deposition, the same melt–wetting process was
repeated from the other side. The growth parameters used are summarised in Table 4.1.

4.2.3 Sample Preparation for SEM

For SEM imaging, the freeing process of the Ni and Ni – P(VDF–TrFE) NWs from AAO
templates was the same as for P(VDF–TrFE) NTs, except 40 % wt / wt phosphoric acid in DI
water was used and the templates were left for only 5.5 hours. Longer etch times led to the
Ni starting to etch too. Before drop–casting onto SiO2 substrates, the DI water from the NW
dispersions was evaporated by heating to 100 ◦ C on a hotplate. Absolute IPA was then added
to the vial instead and the NWs were drop–cast from this dispersion, and because it has a
lower boiling point than water, it evaporated quicker at room temperature. NW dispersions
were also drop–cast onto PI substrates (RS components Ltd) of 75 µm thickness whilst on a
hotplate with a magnetic stirrer and the HHH from the hotplate was used to align the Ni NWs
along the magnetic field lines. This process is illustrated in Fig. 4.9.

4.2.4 Ni and Ni – P(VDF–TrFE) Nanowire Growth Results

Both - 2.5 V and - 1.0 V deposition potentials were used to grow Ni NWs initially. Fig. 4.10
displays both I vs. time profiles and SEM images of Ni NWs in AAO templates.

At - 1.0 V, the I vs. time profile shown in Fig. 4.10c indicates nucleation via the following
processes. An electric double layer was created which led to a drop in I initially. As the
Ni ions diffused towards the cathode and deposited on the working electrode surface, they
gained electrons and the cathodic I increased up to a point and then decreased again as the
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Fig. 4.9 A illustration of the process involved in drop–casting a nanowire dispersion and the
nanowires being aligned by a magnetic field from the magnetic stirrer of a hotplate.

diffusion layer thickened. Once equilibrium was reached, I stabilised. At - 2.5 V, NWs
started to form but this was quickly followed by deposits on the top surface of the template,
an example of which can be seen in the bottom right corner of Fig. 4.11a.

With the template removed, SEM images of free Ni NWs, deposited at - 2.5 V and - 1.0
V are shown in Fig. 4.11 as arrays and single NWs. Fig. 4.11c is an example of freed Ni
NWs after being aligned in a HHH. This is a useful technique for future use in devices, for
example to be aligned between interdigitated electrodes.

SEM images of Ni – P(VDF–TrFE) (1–1) NWs are displayed in Fig. 4.12, grown via
solution–wetting in combination with TAED. The deposition time was adjusted to grow Ni
NWs half the length of the template, as well as the full length. The relatively bright areas are
Ni cores and the dimmer areas are P(VDF–TrFE) shells.

The equivalent SEM images for (1–1) NWs grown via melt–wetting and TAED are shown
in Fig.4.13. The NT shells appear thicker in comparison to the solution–wetted ones.

4.2.5 Ni and Ni – P(VDF–TrFE) Nanowire Growth Conclusions

Ni NWs and Ni – P(VDF-TrFE) (1–1) or core–shell NWs have been grown respectively via
TAED, and template and melt–wetting in combination with TAED. It has been found that
if the deposition potential during TAED was too high, large Ni deposits appeared on the
top surface of the template. At - 1.0 V, the Ni deposited through the pores and produced
NWs. Due to Ni being a ferromagnetic material at room temperature, the NWs were easily
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(a) - 2.5 V (b) - 2.5 V

(c) - 1.0 V (d) - 1.0 V

Fig. 4.10 Current vs. time profiles on the left and the corresponding cross–section scanning
electron microscopy images of electrodeposited Ni nanowires embedded in anodic aluminium
oxide templates on the right. The caption labels are the deposition potentials that were used
and the bright areas in the images are the Ni nanowires and the duller areas are the template
pores.
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(a) - 2.5 V (b) - 1.0 V

(c) - 1.0 V (d) - 1.0 V

Fig. 4.11 Scanning electron microscopy images of freed Ni nanowires grown via template–
assisted electrodeposition in anodic aluminium oxide templates. The caption labels are
the deposition potentials that were used and (c) shows nanowires after being aligned in a
magnetic field on a PI substrate and (d) shows a single freed nanowire.
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(a) (b)

(c) (d)

Fig. 4.12 Scanning electron microscopy images of Ni – P(VDF–TrFE) nanowires grown
via solution–wetting in combination with template–assisted electrodeposition in anodic
aluminium templates. (a) A top–down view of a nanowire array inside a template and free
nanowire arrays in (b) cross–section and (c) – (d) top–down views.
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(a) (b)

(c) (d)

Fig. 4.13 Scanning electron microscopy images of Ni – P(VDF–TrFE) nanowires grown via
melt–wetting in combination with template–assisted electrodeposition in anodic aluminium
oxide templates. (a) A top–down view and (b) a cross–sectional view of nanowire arrays and
(c) – (d) freed nanowire arrays in equivalent views.
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aligned along magnetic field lines when freed from the AAO templates in which they were
grown. The (1–1) core–shell NWs were successfully grown by both methods although the
melt–wetting technique more consistently produced thicker NT walls and so more closed
shells for the ME composite NWs.

4.3 Characterisation of Crystalline Properties

In this section, each type of NW discussed in the previous section is presented in terms of
their structural, thermal and crystalline properties including EDX, XRD, DSC and TEM.

4.3.1 Sample Preparation

The sample preparation for EDX was identical to that used for SEM already described in
Section 4.1. For DSC, the sample preparation and instrument parameters used were as
previously described in Section 2.3.1 and the powder samples were scooped directly into the
pans with a spatula and the P(VDF–TrFE) filled and unfilled AAO templates were crushed
with a pestle and mortar. The mass of the NTs was calculated from the difference in mass
between the filled and unfilled templates.

For XRD studies of P(VDF–TrFE) NTs in PC templates, 2θ was varied between 15 ◦ –
55 ◦ with a delay time of 0.5 s, step size of 0.02 ◦ using sample rotation and an antiscatter
arm. The growth of P(VDF–TrFE) NTs in PC templates was identical to that of AAO.
P(VDF–TrFE) in its powder form was also measured as a comparison, mounted on a zero
diffraction Si substrate. For Ni NWs in AAO templates, the equivalent settings used were 30
◦ – 100 ◦, 0.5 s, 0.02 ◦, and sample rotation was used. For comparison, a Ni film was grown
via ED onto a Ag–coated glass substrate using identical parameters to the Ni NW growth
described in Section 4.2.1. The Ag was sputter–deposited onto the glass (40 mA, 4 minutes)
and similarly to the ZnO films, a wire was attached to the Ag coating with Ag conductive
paint and this area was covered with PI tape, prior to ED of the Ni film.

For HR–TEM imaging of the freed P(VDF–TrFE) NTs and Ni and Ni–P(VDF–TrFE)
NWs, the Tecnai T20 microscope was used and the sample preparation was as described in
Section 2.2.4. The accelerating V used for P(VDF–TrFE), Ni and Ni – P(VDF–TrFE) was
120 kV, 200 kV and 120 kV respectively with a spot size of 3 for all. The lower V for the
polymer nanostructures was to prevent substantial damage caused by the electron beam and
was alternated between 100 kV and 120 kV in order to achieve this.
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4.3.2 Crystalline Properties

Looking at the P(VDF–TrFE) NTs first, EDX was performed in order to determine how
well the polymer solution infiltrated the templates. The SEM image of the top surface of a
solution–wetted AAO template is shown in Fig. 4.14a and the corresponding colour map
and spectrum are shown in Figs. 4.14c and 4.14e. The F signal was from the P(VDF–TrFE)
and was weak in comparison to the Al signal from the template because of its relatively low
density. C and O signals were ignored here because the samples were handled in atmospheric
conditions and so the fluorine signal was the only signal from EDX that could be used to
prove that the polymer was present.

Additionally, a linescan EDX on a cross–section of a partially etched P(VDF–TrFE)
filled AAO template was performed and the results are shown in Figs. 4.14d, 4.14e and 4.14f.
The linescan element concentrations showed a strong fluorine signal which proves that the
template walls were wetted through their length. In the spectrum, the presence of Si was
from the substrate, and phosphorus (P) was left over from the phosphoric acid etch.

As detailed in Section 1.1.2.2, P(VDF–TrFE) NTs need to form in the ferroelectric β

phase in order for them to be useful for ME composites. Previous work in the group has
shown that using solution–wetting allows for self–poled P(VDF–TrFE) NWs because of
the confinement of the template pores resulting in stacked ordered lamallae along the long
axis of the NWs [70]. The more β phase present compared to other phases, the greater the
overall PPP and therefore the better performing piezoelectric they will be. DSC and XRD were
performed to see if this is the case and the results are shown in Fig. 4.15.

Fig.4.15a shows the heating scan of P(VDF–TrFE) NTs in an AAO template crushed to a
powder compared to P(VDF–TrFE) powder. During heating, the ferroelectric to paraelectric
phase transition occurs at TC of ≈ 95 ◦C for the powder and at ≈ 105 ◦C for the NTs. This
difference in TC is due to an increased ferroelectric domain size and order in the NTs [13].
The area under the curve is larger for the NTs which indicates that there is a larger proportion
of the β phase, essentially there is more of this crystalline phase to transition. In the cooling
scan in Fig. 4.15b where the sample was cooled from above the melting temperature, there
are two peaks which are two paraelectric phases formed after solidification. The melting
peak was at ≈ 148 ◦C for both. DSC scans have been studied more extensively by R. Whiter
for NWs in AAO templates comparing them with electrically poled films [13].

The XRD plot in Fig. 4.15c is of P(VDF–TrFE) NTs in PC templates compared to
P(VDF–TrFE) powder. The relative intensities with respect to the β phase for the powder are
100 %, 6 % and 16 % for the β , α / β and β / γ respectively. The relative intensities for the
NTs in a PC template are 100 %, 3 % and 6 % for the β , α / β and β /γ respectively. This
shows that there is relatively more β phase in the NT sample than the powder one but there
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(a) (b)

(c)

(d)

(e) (f)

Fig. 4.14 Energy dispersive X–ray analysis of P(VDF–TrFE) nanotubes grown via solution–
wetting in anodic aluminium oxide templates with 2 % wt / wt polymer solution. Scanning
electron microscopy images of (a) a top–down view, (b) a cross–sectional view, where the
arrow shows where the linescan was taken. (c) F signal from the top–down view in (a), (d)
linescan concentrations of key elements along the length of the nanotube in (b), (e) spectrum
of (a) and (f) spectrum of (b). O = oxygen, F = fluorine, Si = silicon, Al = aluminium, P =
phosphorus and C = carbon.
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(a) (b)

(c)

Fig. 4.15 Thermal and crystalline properties of P(VDF–TrFE) powder and nanotubes (NTs)
grown via solution–wetting in anodic aluminium oxide (AAO) templates using a 7 % wt / wt
polymer solution. Differential scanning calorimetry: (a) the heating scan and (b) the cooling
scan for both NTs and powder where the heat flow has been normalised with respect to the
melting peak at 148 ◦ C. (c) An X–ray diffraction pattern of both NTs in a PC template and
powder.
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are still α and γ phases present, particularly because of the presence of the first α peak at 42
% intensity relative to the β peak in the NT pattern.

HR–TEM images of P(VDF–TrFE) NTs grown via vacuum–wetting are shown in
Fig. 4.16. The hollowness of the structures is visible in these images, particularly in looking
at the difference in contrast of the edges compared to the cores. It was difficult to index the
crystal planes and phases from these images because the lattice fringes can be from Moiré
fringes from folding and the interaction of the electron beam with the polymer rather than
from diffraction through crystal planes [311].

EDX and XRD data for Ni NWs in AAO templates are shown in Fig. 4.17. The strong
Ni signal shown in the spectrum in Fig. 4.17c proves that Ni was present near to the top
surface of the template but that not all pores filled equally. XRD patterns for Ni NWs in an
AAO template are compared to a Ni film in Fig. 4.17d. Both had cubic structure and the
TC(220) of the Ni NWs was 3.7 which shows strong to moderate texturing. There are other
peaks present and hence the NWs were polycrystalline but with strong preferred orientation
of the (220) plane parallel to the template surface normal. The Cu peak was from the back
electrode.

The HR–TEM images in Fig. 4.18 confirm that the Ni NWs were polycrystalline and
because of the areas of single diffraction planes, contained single crystalline ∼ 5 nm crystal-
lites. This is most visible in Fig. 4.18b. Diffraction planes have not been indexed because
of the limiting resolution of the images and defocused areas, which led to inaccuracies in
measuring the d′ spacings. In addition to this, it is likely that the crystals were tilted and so
on performing a FFT, the distances did not correspond to either cubic or hexagonal Ni d′

spacings, as defined by database values from Hull et al. [312] and Carturan et al. [313].
The SEM and EDX colour maps plus the corresponding spectrum for a selection of

Ni – P(VDF–TrFE) NW cross-sections is shown in Fig. 4.19 after partial template removal.
Both the F and Ni signals can be seen from the NWs and Al from the template, P from the
phosphoric acid etch and Pd from the sputter–deposition used in SEM preparation. The
XRD pattern for these NWs was similar to the Ni NWs because the Ni signal dominates the
P(VDF–TrFE) one and so has not been included here.

The HR–TEM images in Fig. 4.20 of the (1–1) core–shell NWs show a clear difference
compared to both the Ni NWs and the P(VDF–TrFE) NTs. The dark Ni cores were coated in
the polymer and so the crystallites which were visible in the Ni NWs were no longer visible.
Instead, the less crystalline polymer coating was visible. At the edges of the NWs, the lighter
areas visible are the polymer shells. They are not uniform in thickness along the length of the
NWs and are ≈ (20 nm – 40 nm) thick compared to the cores which have diameter ≈ (190
nm – 210 nm). This variation in thickness also varied across different samples, for example
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(a) (b)

(c) (d)

(e) (f)

Fig. 4.16 High resolution transmission electron microscopy images of P(VDF–TrFE) nan-
otubes grown via vacuum–wetting in anodic aluminium oxide templates, released from the
templates and laying flat after being drop–cast from a dispersion.
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(a) (b)

(c) (d)

Fig. 4.17 Crystalline characterisation of Ni nanowires (NWs) grown via template–assisted
electrodeposition in anodic aluminium oxide templates. (a) A scanning electron microscopy
image taken during energy dispersive X–ray analysis, (b) the Ni signal and (c) the corre-
sponding spectrum. (d) An X–ray diffraction pattern of NWs compared to a film. The
texture coefficients were found to be TC(220) = 3.7 and TC(220) = 2.6 for the NWs and film
respectively.
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(a) (b)

(c) (d)

Fig. 4.18 High resolution transmission electron microscopy images of Ni nanowires grown
via template–assisted electrodeposition in anodic aluminium oxide templates, released from
the templates and laying flat after being drop–cast from a dispersion.
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(a) (b)

(c)

(d) spectrum

Fig. 4.19 Energy dispersive X–ray analysis of Ni – P(VDF–TrFE) (1–1) core–shell nanowires
grown via melt–wetting and template–assisted electrodeposition. (a) A scanning electron
microscopy image taken during energy dispersive X–ray analysis, (b) the Ni signal, (c) the F
signal and (d) the corresponding spectrum.
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(a) (b)

(c) (d)

Fig. 4.20 High resolution transmission electron microscopy images of Ni–P(VDF–TrFE)
nanowires grown via melt–wetting in combination with template–assisted electrodeposition
in anodic aluminium oxide templates, released from the templates and laying flat after being
drop–cast from a dispersion.
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the SEM images in Fig. 4.13 showed thicker walls of ∼ 100 nm in that particular sample of
NWs grown via the same method.

4.3.3 Characterisation Conclusions

EDX, XRD, DSC and HR–TEM have been used to characterise P(VDF–TrFE) NTs, Ni
NWs and Ni – P(VDF–TrFE) core–shell NWs. The P(VDF–TrFE) NTs have been shown
to crystallise into the β phase to a greater extent than the bulk powder form; determined by
a shift in TC to a higher temperature and a higher intensity β phase peak in XRD patterns.
Peak broadening in DSC measurements of the ferroelectric–to–paraelectric transition was
due to increased ferroelectric domain size compared to the bulk powder.

Ni NWs grown via TAED were polycrystalline both as is and as cores in the core–shell
NWs. They showed preferred orientation of the [220] axis long the length of the NWs
and with single crystal cubic crystallites of ∼ 5 nm confirmed by XRD and HR–TEM
measurements. The core–shell NWs fabricated via melt–wetting and TAED had varying
wall thickness throughout the length of the NWs but HR–TEM images confirmed that the
core–shell structure formed.

4.4 Conclusions

Simple, scalable and low–temperature fabrication techniques have been used to fabricate
three types of nanostructures. Solution–wetting, melt–wetting and vacuum–wetting are all
solution–based techniques, based on drop–casting P(VDF–TrFE) solution onto commercially
available nanoporous AAO templates and have been all successfully used to grow P(VDF–
TrFE) NTs. Each method has its advantages and disadvantages but vacuum–wetting and
melt–wetting produced NTs with thicker walls and were more likely to form closed shells
compared to solution–wetting. Further conclusions are summarised in Table 4.2.

TAED, which is also a solution–based technique, has been used to grow both Ni NWs
directly into AAO templates and Ni – P(VDF–TrFE) core–shell NWs. The Ni NWs were
found to be polycrystalline but with single crystal crystallites and the P(VDF–TrFE) NTs
showed signs of crystallising into the ferroelectric β phase.

Ferromagnetic and ME properties of the nanostructures are discussed in the following
Chapter, in comparison with other ME composite structures.
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Table 4.2 Summary of the advantages and disadvantages of the different template–based
wetting techniques used to fabricate P(VDF–TrFE) nanowires and nanotubes.

Wetting Method Nanostructure Advantages Disadvantages

solution–wetting nanowires / nanotubes solution–based relatively thin walls
relatively fast

low temperature
melt–wetting nanotubes solution–based relatively

relatively thick walls high temperature
closed shells relatively slow

vacuum–wetting nanotubes solution–based use of vacuum
thickest walls
closed shells



Chapter 5

Magnetoelectric Ni – P(VDF–TrFE)
Composites

In addition to the fabrication of Ni – P(VDF–TrFE) (1–1) core–shell NWs as outlined in the
previous chapter, the same material components have been used to fabricate (2–2) laminate
films and (1–3) composites. Bulk ferromagnetic material properties and nanoscale ME
coupling of each composite have been studied and the results, alongside some preliminary
magnetic energy harvesting measurements, are presented in this chapter. The combination of
SPM techniques used in this work, in particular, using KPFM in conjunction with PFM and
MFM, has seldom been reported.

5.1 Magnetoelectric Materials Characterisation

ME composites can be characterised in terms of their individual ferroelectric or ferromag-
netic properties, but it is the coupling of these two phases which makes the composites
‘magnetoelectric’. The fabrication of the composite samples and results from VSM and SPM
measurements including AFM, KPFM, MFM and PFM are described in this section.

5.1.1 Fabrication of Films and Nanocomposites

For the study of ME material properties, the following samples were prepared: a Ni film, a
P(VDF–TrFE) film, (2–2) and (1–3) Ni – P(VDF–TrFE) composite films, Ni NWs and Ni
– P(VDF–TrFE) (1–1) core–shell NWs. For each of the films, ITO coated glass substrates,
similar to those used for ZnO film growth in Section 3.1.1, cut into 10 mm x 10 mm pieces
with a diamond scriber, were prepared in an identical way. PI tape of 2 mm width was used to
cover an area on the substrate so that the ITO coating could be electrically accessed following
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film deposition. For Ni film growth, the ED set–up and parameters were the same as for
the Ni NW growth outlined in Section 4.2.1, except that the deposition time was 225 s. In
this case for this deposition time, the film thickness was ≈ 400 nm, measured with a Stylus
Profiler (Dektak 6M, Veeco). The P(VDF–TrFE) film was prepared by spin–coating the same
2 % wt / wt solution used in Section 4.1 for NTs at 500 rpm for 10 s, followed by 4000 rpm
for 1 minute. The film was then cured at 100 ◦C for 1 hour on a hotplate. The measured film
thickness was ≈ 115 nm.

(2–2) laminate films were fabricated first by ED of Ni directly onto an ITO coated glass
substrate followed by spin–coating of P(VDF–TrFE) on top. In this case, the deposition time
was 113 s, the Ni film thickness was ≈ 150 nm and the top P(VDF–TrFE) film thickness was
approximately the same.

The fabrication of Ni NWs and Ni – P(VDF–TrFE) NWs was described in Sections 4.2.1
and 4.2, and the NWs were studied whilst still in templates for VSM measurements. They
were released onto ITO coated glass substrates for SPM. For (1–3) films of Ni NWs embedded
in a P(VDF–TrFE) matrix, the NWs were released from the AAO templates and dispersed in
2 % wt / wt solution, 0.5 mg in 2 mL, and placed in an ultrasonic bath for 30 s. For VSM, the
solution was drop–cast on the substrate whilst placed in a Hdc of 71.3 Oe between a pair of
Helmholtz coils so that the ferromagnetic NWs aligned with the field lines, (the Helmholtz
coil set–up is described in Section 5.2.2). For SPM, the same spin–coating parameters as
used for the pure P(VDF–TrFE) film were used to make this dispersion into a film and the
film thickness was ≈ 140 nm.

5.1.2 Vibrating Sample Magnetometry Measurements

For VSM measurements, each sample was attached to a sample holder at the end of a
cylindrical probe with PI tape and the probe was clamped between the centre of the pickup
coils so that the direction of HHH was either aligned in–plane or out–of–plane. For the film
samples this meant either parallel or perpendicular to the plane of the substrate / film, and
for the NW–based samples, either parallel to the long NW axis or to the cross–section. The
probe was vibrated at 83 Hz with an amplitude of 1.0 mm and a continuous H sweep was
used with a pause of 300 ms after each step increment. Table 5.1 displays the maximum
applied H, the field increment of the sweep, the sensitivity / range of the magnetic moment
measured by the Hall probe and the averaging time of each measurement for each sample,
plus the sample orientation with respect to the applied HHH.



5.1 Magnetoelectric Materials Characterisation 135

Table 5.1 Vibrating sample magnetometry measurement parameters.

Sample Orientation
Maximum Field Increment Moment Range Averaging
Field / kOe / Oe / memu Time / s

(2–2) in plane 1 10 10 2
(2–2) out of plane 8 80 10 2

Ni NWs long axis 5 50 500 1
Ni NWs cross–section 5 50 500 1

(1–3) long axis 2 40 0.2 1
(1–3) cross–section 2 40 0.2 1
(1–1) long axis 10 200 500 1

Table 5.2 Vibrating sample magnetometry results obtained from the magnetic hysteresis
curves in Fig. 5.1. The composite sample labels refer to Ni – P(VDF–TrFE) and mS and mR
are the saturation and remanent magnetic moments. All values are rounded to 3 significant
figures (s.f.).

Sample Orientation mS / memu mR / memu HC / Oe

(2–2) in plane 6.60 3.20 63.4
(2–2) out of plane 8.70 0.20 135

Ni NWs long axis 217 18.6 182
Ni NWs cross–section 238 19.3 109

(1–3) long axis 5.18 x 10−2 3.95 x 10−2 254
(1–3) cross–section 5.03 x 10−2 1.72 x 10−2 297
(1–1) long axis 221 7.10 62.6

5.1.3 Vibrating Sample Magnetometry Results

From Fig. 5.1, the room temperature ferromagnetic nature of Ni is clearly visible, due to the
irreversibility of the magnetic moment and therefore MMM, during an applied external H sweep.
This hysteretic nature, which was introduction in Section 1.1.1.2 varied depending on the
structure of Ni in the sample and the orientation of the sample with respect to the direction
of the applied HHH.

In the case of the (2–2) ME composite film, referring to Fig. 5.1a and Table 5.2, there was
a clear difference between the two orientations. The in–plane saturation magnetic moment
(mS) and HC were found to be smaller than the out–of–plane values, but the remanent
magnetic moment (mR) was larger. Because the Ni film was polycrystalline, as evidenced
from Fig. 4.17d in Section 4.3.2, the magnetic anisotropy originated from shape anisotropy
rather than magnetocrystalline anisotropy. The film was 300 nm thick with the Ni part ≈ 150
nm thick and the width and depth were 1 mm and 0.8 mm. If the film was single crystalline,
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(a) (b)

(c) (d)

Fig. 5.1 Vibrating sample magnetometry magnetic hysteresis curves of (a) a Ni–P(VDF–
TrFE) (2–2) laminate film, (b) Ni nanowires in an anodic aluminium oxide (AAO) template
(c) a Ni – P(VDF–TrFE) (1–3) composite film and (d) Ni – P(VDF–TrFE) (1–1) core–shell
nanowires in an AAO template.
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and knowing that face centred cubic Ni crystal structure has an easy axis parallel to the <111>
direction [50], the difference in orientations would be more pronounced.

For Ni NWs in an AAO template sample, it can be seen from Fig. 5.1b that the difference
between the two orientations was less pronounced than the other samples. Although the
aspect ratio of NWs would tend to cause a difference due to shape anisotropy, because of
how closely packed the NWs were in the template, the demagnetising fields felt by adjacent
NWs potentially reduced the overall sample anisotropy. The same conclusions can be made
about the (1–1) composite sample in Fig. 5.1d.

For the (1–3) composite sample in Fig. 5.1c, mS was approximately the same between the
two orientations. The long axis orientation showed more hysteresis due to shape anisotropy
of the high aspect ratio polycrystalline NWs. In this sample, the NWs were more separated
compared to Ni and Ni – P(VDF–TrFE) NWs in AAO templates, which is why the difference
was enhanced. HC was found to be lowest in the (1–1) composite which means it was the
most easily magnetised.

5.1.4 Scanning Probe Microscopy Measurements

For SPM, each sample was mounted onto metallic discs as previously described in Sec-
tion 3.2.1 and Ag conductive paint was used to electrically connect an exposed area of the
ITO on the substrate to the disc which then acted as the bottom / sample electrode in KPFM
and PFM measurements.

For the ME composite samples, Fig. 5.2 shows the measurement process involved,
indicating the order in which the SPM characterisation was performed and presented in this
section. Topography images were taken alongside each of the other techniques.

Table 5.3 displays the measurement parameters used in each of the SPM experiments for
each sample. A lift scan height of 40 nm was used for all KPFM and MFM measurements
and the tip velocities used whilst poling the samples were 1.00 µm s−1 for the P(VDF–TrFE)
film and the vertical (1–3) and (1–1) composite images and 2.00 µm s−1 for the (2–2) and
horizontal (1–3) images. All PFM results in this chapter used contact mode and the in–phase,
out–of–plane / vertical tip deflection. The amplitude and frequency of the applied ac V was 2
V and 120 kHz. In the following results section, the SPM images of each of the samples are
presented in the same order as they are given in Table 5.3.

For the calculation of αC
ij from MFM data using Eqn. 2.9 from Section 2.4.5, three line

scans were used per image to find an average difference in frequency shift between peaks
and troughs. ∆ f1 and ∆ f2 were these differences for before and after poling respectively. The
volume of the film samples was calculated by multiplying the film areas by their respective
thicknesses. The volume of the freed (1–1) NWs on a substrate was calculated by multiplying
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Table 5.3 Scanning probe microscopy measurement parameters. The magnetoelectric com-
posite labels are given along with the orientation of the nanowires in the images presented in
Section 5.1.5 and the scales refer to the scale bars used there. All values are given to 3 s.f.

Sample Technique
Poling voltage dc bias voltage Tip velocity

/ V / mV / µms−1

Ni film 2 µm scale MFM – – 12.8
Ni film 400 nm scale MFM – – 4.44

P(VDF–TrFE) film KPFM before poling – – 3.99
P(VDF–TrFE) film PFM before poling – 170 3.99
P(VDF–TrFE) film MFM before poling – 170 3.99
P(VDF–TrFE) film PFM after poling ± 10 – 3.99
P(VDF–TrFE) film KPFM after poling ± 10 – 3.99
P(VDF–TrFE) film MFM after poling – 10 – 0.996
P(VDF–TrFE) film MFM after poling + 10 150 0.996

Ni NWs 4 µm scale KPFM – – 19.9
Ni NWs 4 µm scale MFM – – 19.9

Ni NWs 600 nm scale KPFM – – 6.00
Ni NWs 600 nm scale MFM – – 6.00

(2–2) KPFM before poling – – 9.96
(2–2) MFM before poling – 360 4.98
(2–2) PFM after poling –10 290 4.80
(2–2) KPFM after poling –10 – 9.96
(2–2) MFM after poling –10 290 4.98

(1–3) horizontal KPFM before poling – – 6.00
(1–3) horizontal MFM before poling – 750 15.9
(1–3) horizontal KPFM after poling –10 – 3.76
(1–3) horizontal MFM after poling –10 120 6.40
(1–3) horizontal PFM after poling –10 120 2.80

(1–3) vertical KPFM before poling – – 2.99
(1–3) vertical MFM before poling – 350 2.99
(1–3) vertical KPFM after poling –10 – 2.99
(1–3) vertical MFM after poling –10 –500 2.40
(1–3) vertical PFM after poling –10 –500 2.00

(1–1) horizontal KPFM – – 10.0

(1–1) vertical KPFM before poling – – 2.98
(1–1) vertical MFM before poling – –500 2.99
(1–1) vertical KPFM after poling –5 – 2.99
(1–1) vertical MFM after poling –5 –800 2.99
(1–1) vertical PFM after poling –5 –800 3.00
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Fig. 5.2 Scanning probe microscopy measurement process.

the volume of a single NW by the total number of NWs on the substrate. This number was
estimated from an SEM image of the sample over a 20 µm x 20 µm square area, and then
averaged and scaled up over the full substrate area. MR was calculated by dividing mr, taken
from the VSM data already discussed in Section 5.1.3, by the sample volume. The units were
converted from cgs to SI using the conversion: emu cm−3 x 1000 = A m−1. The E applied
during the poling step was calculated by dividing the applied V by the sample thickness.

5.1.5 Scanning Probe Microscopy Results

The purpose of performing MFM on ME composites was to induce the converse ME effect
at the nanoscale using an SPM set–up, and therefore to see if MMM changed after application of
EEE. A preliminary step in this experiment was to measure the individual components of the
composites: a Ni film, a P(VDF–TrFE) film and Ni NWs. KPFM, MFM and PFM of these
three samples are shown in Figs. 5.3 – 5.7.

Fig. 5.3a – 5.3d show the topography and MFM images of a Ni film at two different
scales. Although there were some artefacts which show up in both the topography and MFM
images, in general the topography and the magnetic domain patterns were dissimilar. The
magnetic domain sizes also followed the scale of the scan area. In this initial experiment, no
KPFM was performed prior to MFM and so electrostatic interactions were not taken into
account, it was simply to see whether magnet domains in Ni were visible.
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Topography during MFM

(a)

MFM

(b)
Topography during MFM

(c)

MFM

(d)

Fig. 5.3 Scanning probe microscopy images of a Ni film at two different scales: (a) and (c)
are topography images and (b) and (d) are the corresponding magnetic force microscopy
images.
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Figs. 5.4 and 5.5, however, show a sequence of SPM images performed on a P(VDF–
TrFE) film, in the format introduced in Section 2.4.5. KPFM was performed first, and
it was found that the surface potential was ≈ 170 mV across the scan area and that the
topography and KPFM images were distinct, as can be seen in Figs. 5.4a – 5.4b. In the
second step in Figs. 5.4c – 5.4d, contact mode PFM at a dc bias of 170 mV (to account for
electrostatic interactions), showed that there was little piezoresponse from the unpoled film.
The topography image, although at the same scale as that performed during KPFM, showed
a difference between the two modes which was likely due to a tip artefact. The MFM image
in Fig. 5.4f showed virtually no frequency shift, as would be expected from a non–magnetic
polymer film.

The film was then poled in two separate regions at + 10 V and - 10 V in adjacent square
patterns. This was possible because of its ferroelectric properties and the thinness of the film.
The KPFM signal after poling, Fig. 5.5b, showed that the poling procedure had altered the
surface potential, highlighting the importance of repeating KPFM before performing the final
MFM experiment. Fig. 5.5d confirms that after repeating PFM after poling, the PFM signal
had either decreased or increased in each of the poled regions depending on the sign of the
applied V . Because each of the poled squares had a different surface potential, the MFM
images in Figs. 5.5e and 5.5f were performed at 150 mV and zero dc biases respectively.
These final MFM images again showed a close to zero frequency shift across the scan area
both in the poled and unpoled regions.

KPFM followed by MFM was performed on freed Ni NWs, the results of which are
displayed in Fig. 5.6 and Fig. 5.7 at two different scales. In both the KPFM images, the
approximate surface potential was zero or close to zero and so the MFM experiments were
performed at zero dc bias in both cases. The topography images showed that the NW
diameters were 300 nm – 400 nm which is typically an overestimate to the actual diameter
due to the tip having a finite size [314, 315]. The SEM images in Section 4.2.4 showed
that the diameter was closer to 200 nm – 300 nm. The MFM images showed that the Ni
NWs contained multiple domains along their length but their diameter seemed to determine
the domain width. Referring back to Fig. 5.3d, the size of the domains in the Ni film were
found to be 300 nm – 400 nm which is similar if slightly larger than the NW diameters. The
confinement of the domains in this way is what led to shape anisotropy and MFM here has
thus provided a useful visual aid of this phenomenon.

Fig. 5.8 shows the full nanoscale characterisation sequence performed on the Ni – P(VDF–
TrFE) (2–2) composite film. The topography images show that the top P(VDF–TrFE) film
structure appeared different to that of the plain P(VDF–TrFE) film in Fig. 5.4 and 5.5. This
was most likely due to the different wetting properties of the underlying Ni film compared
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Topography during KPFM

(a)

KPFM before poling

(b)
Topography during PFM

(c)

PFM before poling

(d)

Topography during MFM

(e)

MFM before poling

(f)

Fig. 5.4 Scanning probe microscopy images of a P(VDF–TrFE) film before poling: (a), (c)
and (e) are topography images and (b), (d) and (f) are the corresponding Kelvin probe force
microscopy, contact mode piezoresponse force microscopy and magnetic force microscopy
images respectively, with the latter two performed at a dc bias of 170 mV.
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Topography during KPFM

(a)

KPFM after poling

(b)
Topography during PFM

(c)

PFM after poling

(d)
MFM after poling at + 10 V

(e)

MFM after poling at - 10 V

(f)

Fig. 5.5 Scanning probe microscopy images of a P(VDF–TrFE) film after poling: (a) and (c)
are topography images and (b) and (d) are the corresponding Kelvin probe force microscopy
and piezoresponse force microscopy at zero dc bias images respectively. The left square
was poled at + 10 V and the right square at - 10 V and (e) and (f) are the magnetic force
microscopy images of the + 10 V poled square at a dc bias of 150 mV and the - 10 V poled
square at zero dc bias respectively.
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Topography during KPFM

(a)

KPFM

(b)
Topography during MFM

(c)

MFM

(d)

Fig. 5.6 Scanning probe microscopy images of Ni nanowires: (a) and (c) are topography
images, (b) is the corresponding Kelvin probe force microscopy image and (d) is the corre-
sponding magnetic force microscopy image.
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Topography during KPFM

(a)

KPFM

(b)

Topography during MFM

(c)

MFM

(d)

Fig. 5.7 Scanning probe microscopy images of Ni nanowires: (a) and (c) are topography
images, (b) is the corresponding Kelvin probe force microscopy image and (d) is the corre-
sponding magnetic force microscopy image.
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to ITO as the substrate. The magnetic domains seen in Figs. 5.8d and 5.8j, a result of the
demagnetising / stray field from the Ni film, were visible even with the top P(VDF–TrFE)
film of ≈ 150 nm thickness present and whilst using a lift scan height of 40 nm. The KPFM
images taken before and after poling, show that the surface potential changed after poling and
the contact mode PFM image confirmed that the P(VDF–TrFE) film was poled to some extent.
The final MFM image after poling showed that there was some but not much significant
change in magnetic domain size or shape, even after accounting for image drift, which is an
inherent side effect of using this technique. The black outlined areas in the MFM images
indicate one domain as an example and a reference point for comparing the images.

It is difficult to say whether this result reflected the lack of ME coupling in this composite
film or whether it was because the weak MFM signal did not pick up on the coupling, as the
Ni film is buried under the P(VDF–TrFE) film. The weak signal i.e. the small frequency shift
was due to the tip being relatively far from the Ni film. Additionally, Ni was electrodeposited
directly onto the substrate and the P(VDF–TrFE) film was spin–coated on top rather than the
other way around, which meant that the poling could have had no effect on the constrained
Ni film.

For the (1–3) Ni – P(VDF–TrFE) composite film, an area in the film with a single NW
was found and the tip was scanned along the length of the NW horizontally; the results are
shown in Fig. 5.9. The topography images show that the NW was not fully embedded in
the film along its length as some areas where brighter than others. The surface potential
measurements seen in the KPFM images in Figs. 5.9b and 5.9f, indicated that there was a
P(VDF–TrFE) layer fully covering the NW because the potential was non–zero. Ni NWs
were found to have a surface potential close to zero whereas the P(VDF–TrFE) film before
poling had a potential of ≈ 360 mV as previously shown in Figs. 5.6b and 5.8b.

The PFM signal after poling, displayed in Fig. 5.9h, showed that the left side of the
NW had a larger signal than the right side, and this was likely due to the fact that the NW
was less embedded in the film in this region. This led to the P(VDF–TrFE) layer being
thinner and so was more easily poled. The before and after poling MFM images in Figs. 5.9d
and 5.9j, show that there was a visible change in the frequency shift in the magnetic domains
along the length of the NW. In some regions on the left side of the NW, the frequency shift
became more positive, and on the right side the shift became more negative. This indicated
that switching of the direction of MMM of magnetic domains occurred parallel to the applied
direction of EEE during poling, and hence there was ME coupling between the two components
of the composite.

To analyse the ME coupling in this composite more closely, the scan direction was rotated
so that the tip scanned across a small cross–sectional area of the NW. The full SPM sequence
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Topography during KPFM

(a)

KPFM before poling

(b)
Topography during MFM

(c)

MFM before poling

(d)
Topography during KPFM

(e)

KPFM after poling

(f)
Topography during PFM

(g)

PFM after poling

(h)
Topography during MFM

(i)

MFM after poling

(j)

Fig. 5.8 Scanning probe microscopy images of a (2–2) Ni – P(VDF–TrFE) composite: (a),
(c), (e), (g), (i) are topography images, (b) and (f) are the corresponding Kelvin probe force
microscopy images, (d) and (j) are the corresponding magnetic force microscopy images
performed at a dc bias of 360 mV and 290 mV respectively and (h) is the corresponding
piezoresponse force microscopy image performed at a dc bias of 290 mV. (a) – (d) were
taken before poling at - 10 V and (e) – (j) were taken after.
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Topography during KPFM

(a)

KPFM before poling

(b)
Topography during MFM

(c)

MFM before poling

(d)
Topography during KPFM

(e)

KPFM after poling

(f)
Topography during PFM

(g)

PFM after poling

(h)
Topography during MFM

(i)

MFM after poling

(j)

Fig. 5.9 Scanning probe microscopy images of a (1–3) Ni – P(VDF–TrFE) composite film
scanning along the length of a single nanowire. (a), (c), (e), (g) and (i) are topography
images, (b) and (f) are the corresponding Kelvin probe force microscopy images, (h) is the
corresponding piezoresponse force microscopy image performed at a dc bias of 120 mV and
(d) and (j) are the magnetic force microscopy images performed at dc biases of 750 mV and
120 mV respectively. (a) – (d) were taken before poling at - 10 V and (e) – (j) were taken
after.
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of this is shown in Fig. 5.10. Although the image drifted, the difference in the frequency
shift seen in the MFM images before and after poling in Figs. 5.10d and 5.10j was much
clearer. The colour scale of the images was adjusted so that they showed the same range,
which led to the low contrast in Fig. 5.10d. The KPFM images show that after poling, the
surface potential changed in polarity, between Fig. 5.10b and Fig 5.10f. The PFM signal after
poling showed that there was a sizeable signal compared to the previous PFM measurements
and a difference across the width of the NW.

For the (1–1) composite, when scanning the Ni – P(VDF–TrFE) composite NW along
its length, due to interactions between the tip and the NW, the NW was displaced along the
substrate after taking the first KPFM measurement and so only this was recorded for this
sample in this orientation. Fig. 5.11 shows the topography and KPFM images.

This problem of the NW moving did not occur when the scan direction was rotated 90◦

and the (1–1) core–shell NWs were scanned over a small cross–section as shown in Fig. 5.12.
It is difficult to say whether this was a single NW or two adjacent NWs because of the
tendency of the width to be overestimated when imaging nanostructures in this way. Even
accounting for the over estimate to the width, it seems more likely that there were two NWs
because of the difference in height on the left of the images to the right side. The KPFM
images in Fig. 5.12b and Fig. 5.12f, show that the poling procedure reduced the surface
potential, as seen before with the (1–3) composite. The contact mode PFM measurement,
Fig.5.12h, was performed over a larger area so that the difference in the poling edges could
be seen. A lower poling V of - 5 V was used in this case, which is why the PFM signal
was lower than most of the other results. This was because at a poling voltage of - 10 V on
a separate NW, the P(VDF–TrFE) shell was damaged. The MFM images before and after
poling in Fig. 5.12d and Fig. 5.12j showed that there was a single magnetic domain in the Ni
core, visible down the centre of the image, the MMM of which was altered by the poling as the
frequency shift increased. This is therefore direct evidence of ME coupling in this composite
NW.

The discussion of the SPM characterisation so far has been mainly qualitative. Using
Eqn. 2.9 in Section 2.4.5, quantification of the ME coupling, by calculation of αC, was
performed using the difference in frequency shift between peaks and troughs in the MFM
data both before and after poling. For the (1–1) composite, MR was only measured parallel
to the long NW axis and so this value was used for the αC calculation, even though it should
have been the cross–sectional value. The results are given in Table 5.4.
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Topography during KPFM

(a)

KPFM before poling

(b)
Topography during MFM

(c)

MFM before poling

(d)
Topography during KPFM

(e)

KPFM after poling

(f)
Topography during PFM

(g)

PFM after poling

(h)
Topography during MFM

(i)

MFM after poling

(j)

Fig. 5.10 Scanning probe microscopy images of a (1–3) Ni – P(VDF–TrFE) composite film
scanning along a NW cross–section. (a), (c), (e), (g) and (i) are topography images, (b) and
(f) are the corresponding Kelvin probe force microscopy images, (h) is the corresponding
piezoresponse force microscopy performed at a dc bias of - 500 mV and (d) and (j) are the
corresponding magnetic force microscopy images performed at dc biases of 350 mV and –
500 mV respectively. (a) – (d) were taken before poling at - 10 V and (e) – (j) were taken
after.
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Topography during KPFM

(a)

KPFM

(b)

Fig. 5.11 Scanning probe microscopy images of a (1–1) Ni – P(VDF–TrFE) composite
nanowire scanning along the nanowire length. (a) A topography image and (b) the corre-
sponding Kelvin probe force microscopy image.



152 Magnetoelectric Ni – P(VDF–TrFE) Composites

Topography during KPFM

(a)

KPFM before poling

(b)
Topography during MFM

(c)

MFM before poling

(d)
Topography during KPFM

(e)

KPFM after poling

(f)
Topography during PFM

(g)

PFM after poling

(h)
Topography during MFM

(i)

MFM after poling

(j)

Fig. 5.12 Scanning probe microscopy of (1–1) Ni – P(VDF–TrFE) composite nanowires
scanning along the nanowire cross–section. (a), (c), (e), (g) and (i) are topography images, (b)
and (h) are the corresponding Kelvin probe force microscopy images, (h) is the corresponding
piezoresponse force microscopy image performed at a dc bias of - 800 mV and (d) and (j)
are the corresponding magnetic force microscopy images performed at dc biases of - 500
mV and - 800 mV respectively. (a) – (d) were taken before poling at - 5 V and (e) – (j) were
taken after.
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In this calculation of αC, the following approximations needed to be made. The mR

values used were from the VSM data, which was a bulk measurement, not a nanoscale surface
measurement like the frequency shift measurements from MFM were. The local surface mR

is likely to vary depending on the magnetic structure at the point of measurement compared to
the overall value for the sample. MR was found by dividing mr by the sample volume. There
was also the uncertainty in the sample volume measurement, introduced from measuring the
film thickness which was not always uniform, and thus an approximate average value was
used. This then led to an uncertainty in the applied EEE during poling, because even though the
applied V was kept constant, the sample thickness, and hence field, was not uniform. Finally,
the MFM frequency shift was a measure of the demagnetising field from the sample, it did
not take into account any other tip–sample interactions apart from the fact that electrostatic
interactions had been minimised by biasing the tip with the surface potential of the sample,
following KPFM.

Having stated the approximations and analysing the αC results as they stand, it appeared
that there was some degree of ME coupling in all of the composites. The (1–3) composite
measurement along the length of a Ni NW embedded in a P(VDF–TrFE) film, showed
the least coupling by an order of magnitude. This was probably because both the poling
procedure and the different SPM measurements worked less well in this orientation, rather
than it being a true indication of poor coupling. Perhaps there was only a very thin layer of
P(VDF–TrFE) film over the top of the NW at this point too.

The (2–2) composite film had the lowest coupling from the remaining samples, followed
by the (1–3) composite measured over a cross–section of a Ni NW, and the (1–1) composite
NW showed the largest coupling, although within experimental error, the latter two results
overlapped and so the difference between them is minimal. The standard error of the mean
was used to calculate the uncertainty in each αC value. These results can be explained by
considering the surface–to–volume ratio of each of the material components in contact in
each of the composites. The core–shell (1–1) structure has the largest interfacial contact and
so showed the greatest degree of coupling. This trend was found to be present in the (1–3)
composite with intermediary coupling, and also in the remaining sample. The difference in
magnitude of the coupling was small and emphasis is made here on these results measuring
the local ME coupling, and not macroscopic coupling. The extent to which this coupling
scales up to device level is not yet clear, but will be discussed further in Section 5.2.3.

The values of i and j in αC
ij was not clear because the direction of MMM at each point in the

sample during MFM was unknown and they have therefore been ignored in the table and
the discussion here. There are limited examples in the literature of αC

ij measured with SPM
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techniques whereas there are numerous αE
ij examples, as was discussed in Section 1.3. To

convert to αE
ij , measurement of εij is required and this was not measured here.

5.1.6 Magnetoelectric Materials Characterisation Conclusions

The ferromagnetic and nanoscale ME properties of Ni, P(VDF–TrFE) and Ni – P(VDF–TrFE)
composites have been discussed in this section. VSM measurements showed that magnetic
hysteresis varied in Ni and Ni – P(VDF–TrFE), depending on its structure. In particular,
shape anisotropy in Ni NWs led to greater remanence in the (1–3) composite when the
applied HHH was parallel to the long NW axis rather than perpendicular to it. HC in the (1–1)
NWs was lower and so this nanocomposite was more easily magnetised than the (2–2) and
(1–3) composites.

SPM was used to study topography, surface potential, ferroelectric properties and the
demagnetising field of the three Ni – P(VDF–TrFE) ME composites plus Ni NWs, a Ni film
and a P(VDF–TrFE) film. It was discovered that all three ME composites showed some
degree of ME coupling, because MMM changed, monitored by imaging frequency shifts during
MFM, after application of EEE, thus inducing the converse ME effect.

Quantitative analysis was provided by calculation of αC for each ME composite. The
largest coupling was found in the (1–1) NWs due to them having the largest surface–to–
volume ratio of each of the composite components in contact.

In the next section, ME and piezoelectric devices are discussed.

5.2 Magnetoelectric Composite Devices

In order to test two of the ME composites from Section 5.1 in terms of their energy harvesting
performance, (2–2) and (1–3) composite devices were developed based on these composite
film samples. This section describes the fabrication of these devices followed by some
preliminary bulk ME and energy harvesting measurements. In addition, P(VDF–TrFE) NT–
based devices were tested as piezoelectric NGs in their own right, as the first step towards
(1–1) Ni – P(VDF–TrFE) NW–based ME composite devices.

5.2.1 Device Fabrication

Similar to the fabrication of the (2–2) composite film deposited onto an ITO coated glass
substrate for VSM and SPM measurements, a (2–2) Ni – P(VDF–TrFE) device was fabricated
using the same two methods of ED followed by spin–coating. The substrate used was a 65
mm x 30 mm x 0.075 mm piece of flexible Kapton® type HN cut out from 302 mm x 200
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mm x 0.075 mm sheets (DuPont). A bottom Ag 55 mm x 20 mm x 200 nm electrode plus
5 mm x 5 mm x 200 nm contact pad were sputter–deposited onto the substrate (40 mA for
8 minutes) using a paper shadow mask. An insulated, stripped wire was attached with Ag
epoxy conductive adhesive 4H 8331S to the contact pad. The epoxy was cured at 60 ◦C on a
hotplate for 1 hour. Ni ED performed at - 1.0 V for 1800 s and the thickness of the Ni film
was ≈ 8 µm. This measurement of the film thickness with a stylus profiler was an estimate,
because the curvature of the underlying plastic substrate introduced significant uncertainty.

To protect the device from shorting, a polydimethylsiloxane (PDMS) layer was spin–
coated over the top of this bottom electrode and Ni film. First, silicone elastomer and its
curing agent (Sigma–Aldrich) were mixed in a 10:1 ratio in a Petri dish (Sigma-Aldrich) with
a plastic disposable pipette (Sigma–Aldrich) and stirred until there was a uniform distribution
of bubbles. The mixture was left to stand for 15 minutes until all of the air bubbles had been
released. A PDMS film was fabricated by drop–casting the solution onto the Ni film and
left to settle for two minutes, and then spin–coated at 500 rpm for 10 s followed by 2000
rpm for 5 minutes. The film was cured at 80 ◦C for 4 hours and the thickness was difficult
to measure because of the films soft flexible nature, but was estimated to be < 9 µm. A 10
% wt / wt P(VDF–TrFE) in 2–butanol solution was spin–coated at 100 rpm for 10 s and at
500 rpm for 1 minute on top of the PDMS film. After spin–coating a second layer like this,
the film was cured at 100 ◦C for 1 hour. The thickness of the P(VDF–TrFE) layer was ≈
6.5 µm. A second PDMS layer was deposited on top of the P(VDF-TrFE) film and finally a
top Ag electrode (40 mA for 4 minutes) of 100 nm was added, with a contact pad like the
bottom electrode. A second wire to connect to the top electrode was attached with electrically
conductive adhesive transfer tape, 20 µm thick Al foil and Ag epoxy conductive adhesive.
A photograph of the device is shown in Fig. 5.13a and a schematic diagram is shown in
Fig. 5.13b.

Section 2.1.4 introduced AJP as a fabrication method for printing conducting lines on
various substrates using a variety of inks. Here, it has been used to print conductive Ag
interdigitated electrodes, on the same Kapton® film as used for the (2–2) composite device
just described. Interdigitated electrodes are layers of long, thin electrodes with alternating
opposite polarity i.e. multiple two–electrode devices connected in parallel on the same plane.
This reduces the length and the resistance compared to if each device was added in series.
A 2D pattern was drawn in AutoCAD (Autodesk) with an electrode separation of 50 µm
which resulted in an actual separation of 20 µm – 30 µm because the printed line width was
20 µm – 30 µm. A photograph and a schematic diagram of one of these devices are shown in
Figs. 5.13c and 5.13d. The printing parameters used were detailed in Section 2.1.4 and the
pattern was cured at 200 ◦C for 2 hours in an oven.
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(a) (b)

(c) (d)

(e)

Fig. 5.13 Magnetoelectric Ni – P(VDF–TrFE) composite devices: (a) a photograph of a (2–2)
composite device, (b) a schematic diagram of (a), (c) a photograph of a (1–3) composite
device with 18 embedded devices, (d) a schematic diagram of a (c) and (e) an optical
microscopy image of a (1–3) composite device showing bundles of Ni nanowires aligned
perpendicular to Ag interdigitated electrodes.
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A PDMS layer was spin–coated over the electrodes to prevent electrical shorting. Prepara-
tion for this PDMS film was identical to that described above except the spin–coater settings
used were 10 s at 500 rpm and 5 minutes at 2000 rpm. The Ni NWs used in the dispersion
were fabricated by TAED as described in Section 4.2.1 with a deposition potential and time
of - 1.0 V and 559 s respectively. This produced NWs of ≈ 5 µm in length. The NWs were
dispersed in 10 % wt / wt P(VDF–TrFE) in 2–butanol solution at a concentration of 0.125
mg per 2 ml. The dispersion was placed in an ultrasonic bath for 40 minutes and further
mixed with a spatula before drop–casting onto the printed electrodes. During drop–casting,
the substrate was placed in a Hdc of 71.3 Oe between a pair of Helmholtz coils at room
temperature so that the ferromagnetic NWs could rotate in the P(VDF–TrFE) solution before
the solvent evaporated and align with the field lines, (the Helmholtz coil set–up is described
in Section 5.2.2). An optical microscopy image showing this effect is shown in Fig. 5.13e.
The films were cured at 100 ◦C for 2 hours on a hotplate and wires were connected via Ag
epoxy conductive adhesive to the contact pads on the far left and right of the device (see
Fig. 5.13c). The final device, determined by the printed electrode pattern, consisted of 18
sets of devices with 10 sets of electrodes in each set.

Both devices were poled by applying a V across the electrodes, after soldering the device
wires directly to BNC connectors in an Al box and using BNC–banana cables to connect to
a high V source (Keithley 2410). For poling the (2–2) composite device, 350 V was used
because above this V , the device was at risk of electrical shorting. V was applied whilst the
device was on a hotplate at 100 ◦C for 5 minutes. The heat was turned off and V remained on
until the device cooled to room temperature and then V was turned off. The same procedure
was used to pole the (1–3) composite device. This poling procedure was used to polarise the
ferroelectric P(VDF–TrFE) component.

The fabrication details for P(VDF–TrFE) NGs based on NT–filled PC templates was
similar to the ZnO NG fabrication described in Section 3.3.1, the only difference being the
NT fabrication itself was via solution–wetting using 6 % wt / wt solution, as described in
Section 4.1.1. The electrodes were sputter–deposited Pt (40 mA for 8 minutes), covered in
Cu tape for the back electrode and sputter–deposited Ag (40 mA for 8 minutes) for the top
electrode. Cu wires were attached with electrically conductive adhesive transfer tape, Al foil
and Ag paint.
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5.2.2 Magnetoelectric Measurement and Magnetic Energy Harvesting
Set–up

The ME composite devices were tested using the 2 experimental set–ups described in
Section 2.5.4. Before poling, the (2–2) device was used to test the ME measurement set–up
and αE

13 was measured during a Hdc sweep. The device was clamped on one end using a
custom–made Pyrex® clamp. The reason the device was clamped at one was to lower fr of
the device so that a lower Hdc was required to measure an ME response. The Hdc sweep was
performed between - 55 Oe – 55 Oe at Hac of 0.9 Oe at 1 kHz using 200 steps. In this case i
= 1 and j = 3 because the devices were positioned between the coils such that the direction of
polarisation was perpendicular to the applied HHH. αE

13 was calculated by dividing V recorded
by the lock–in with the P(VDF–TrFE) film thickness and with Hac.

The ME energy harvesting measurement was performed on both poled devices recording
the transient Voc at Hac of 0.9 Oe at 1 kHz with zero Hdc.

5.2.3 Magnetoelectric Device Results

Typically, a way of knowing whether the voltage signal from an ME device is from electro-
magnetic induction or from the ME effect is to look at the Hac frequency sweep and the Hdc

sweep data. The results of the preliminary ME measurements are shown in Fig. 5.14 for a
Hdc sweep measured at a Hac of 0.9 Oe at 1 kHz, using the (2–2) composite device before it
was poled, clamped at one end. The V output of the device was measured with the lock–in
amplifier and the recorded data was the in–phase signal only so that only the ME effect was
measured and not induction. There was, however, a non–zero out of phase V component
and hence a non–zero phase measured with the lock–in amplifier (not recorded here) which
meant the full signal was a combination of induction and the ME effect. If the device was
a perfect electrical insulator then induction would not have occurred, but all real devices
will electrically conduct to some extent. It is also difficult to reduce the induction part of the
signal at high frequency due to the inherent nature of this effect. The two peaks in αE

13, were
found symmetrically about zero at around ± 5 Oe. The flat response at higher and lower Hdc

was more indicative of induction whereas the peaks could have indicated an ME response.
With this limited data, it is not possible to make any further conclusion.

Preliminary energy harvesting measurements were also performed, after poling, with both
the (2–2) composite device and the (1–3) composite device with interdigitated electrodes
and the results are shown in Fig. 5.15. The frequency of Voc measured by both devices on
the oscilloscope corresponded to the frequency of the input Hac. Again these preliminary
measurements are difficult to conclude anything significant from but they show some potential
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Fig. 5.14 Magnetoelectric measurements of a (2–2) Ni – P(VDF–TrFE) composite device: a
dc magnetic field sweep measured at an ac magnetic field of 0.9 Oe at 1 kHz.

that both devices have a non–zero output at the correct frequency when excited only by a Hac

without any Hdc. The reason for the presence of double peaks is unknown and further testing
is required to understand this.

More work is required to make the measurement system free from external electrical
noise as well as thermal fluctuations and vibrations from acoustic noise, which can effect
the pyroelectric and piezoelectric P(VDF–TrFE) component [191], before any concrete
conclusions can be drawn from the data presented in this section.

5.2.4 P(VDF–TrFE) Nanogenerator Results

The first step in fabricating and testing ME composite devices based on a templated array of
(1–1) Ni – P(VDF–TrFE) NWs is to make NGs based on P(VDF–TrFE) NTs only, without
the Ni cores. Such NGs, with the NTs grown in PC templates, were tested in flex mode in
the same way as the ZnO NGs in Chapter 3, and the results are shown in Fig. 5.16.

Using both types of flex mode, by hand and with the shaker, the NG showed a piezoelectric
response in both I and V measurements. This shows promise for future ME composite device
with the addition of Ni cores. The asymmetrical peaks about the time axis in Fig. 5.16c
occurred because during flex mode by hand, the NG was bent in only one direction. I flows
in both directions, one way on the bend and in the opposite direction on the release.

The use of PC rather than AAO templates makes the NG more flexible but to maximise
the strain in the NWs, the template should be completely removed. The ME composite
device based on a (1–3) composite film on top of AJP–printed Ag electrodes was a step
towards achieving this. The same electrodes could be used to make a device with freed (1–1)
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(a) (b)

Fig. 5.15 Transient open–circuit voltage recordings of two magnetoelectric composite devices
tested in an ac magnetic field of strength 0.9 Oe at 1 kHz: (a) a (2–2) Ni – P(VDF–TrFE)
composite device and (d) a (1–3) device with interdigitated printed Ag electrodes.

composite NWs laying flat on top of the electrodes on the Kapton® film substrate. This type
of device also has the advantage of using a thin and flexible substrate which is compatible
with AJP and curing of Ag ink.

5.2.5 Magnetoelectric Device Characterisation Conclusions

The ME composite devices tested in this section were all preliminary attempts at showing
direct ME coupling on a macroscopic scale, to compliment the nanoscale converse ME
coupling seen in MFM images in the previous section. A purpose–built ME measurement
set–up was used to test both a (2–2) composite device and a (1–3) composite device with AJP–
printed electrodes on flexible plastic substrates. However, it was difficult to conclude whether
any direct ME coupling was present due to uncertainties introduced by the experimental
set–up and a limited number of working devices. These are therefore only preliminary
measurements and further tests are required before arriving at any conclusions about the
devices.

A P(VDF–TrFE) NT–based NG was tested as a piezoelectric NG and produced typical
Voc and Isc characteristics of such a device. This was a promising first step towards fabrication
of a (1–1) NW–based ME composite device.
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(a) (b)

(c) (d)

Fig. 5.16 Electrical output of a nanogenerator based on P(VDF–TrFE) nanotubes in a PC
template. Tested using the energy harvesting set–up described in Fig. 2.11 in both flex mode,
with the peak–to–peak input voltage to the magnetic shaker 6 V at 5 Hz with an amplifier
gain of 3 and hence an oscillation amplitude of 4.08 mm, and in flex mode by hand. (a)
Open–circuit voltage and (b) short–circuit current measured in flex mode using the shaker.
(c) Open–circuit voltage and (d) short–circuit current both in flex mode by hand.



5.3 Conclusions 163

5.3 Conclusions

In this chapter, ME composite materials have been analysed in terms of their ME coupling
using a combination of macroscopic magnetic measurements with VSM and nanoscale
characterisation with SPM. There was evidence of local ME coupling in three different
types of composites based on the contact between Ni and P(VDF–TrFE) components. These
three structures were (2–2), (1–3) and (1–1) composites and the coupling was quantified by
calculation of αC. The largest coupling was found in the (1–1) NWs.

The SPM techniques used in this work; KPFM, PFM and MFM, have been used to image
ME composites, usually in the (2–2) form but also some nanostructured ones in previous
work in the literature. To the best of the author’s knowledge, however, the sequence used
here and particularly the MFM measurements on (1–1) NWs before and after poling along
with an approximation of αC, have been reported for the first time.

The (2–2) and (1–3) ME composites were transformed into ME composite devices using
scalable fabrication techniques; drop–casting, spin–coating and AJP. Preliminary bulk ME
measurements and energy harvesting measurements showed that there was potentially some
macroscopic ME coupling, but further work is needed to optimise the experimental set–up,
including reducing noise, and fabrication of more devices. A P(VDF–TrFE) NG based on
a NT–filled PC template produced typical Voc and Isc characteristics and provided a step
towards fabrication of a (1–1) NW–based ME composite device.





Chapter 6

Conclusions and Future Work

This thesis has investigated the piezoelectric, ferroelectric and ME properties of NWs and
NTs using both bulk and nanoscale characterisation techniques, for application in energy
harvesting and sensing. In particular, template–assisted growth techniques have been adopted
to realise these NWs and nanocomposite structures, with a view to improve scalability
and performance. The growth method is central to the work reported in this thesis, and
can be applied to realise other functional nanostructured devices as well, while exploiting
the benefits of nanoconfinement. The different functional properties are intrinsic to the
materials used, but they vary on the nanoscale, and this has provided the drive behind the
studies presented in this work and the reason for the use of nanostructured materials in NGs
and ME composite materials and devices. At the nanoscale, the behaviour of the material
becomes more dominated by the atoms located at the surface as the number of bulk atoms
is reduced [48] i.e. the surface–to–volume ratio increases. This has been shown to both
theoretically and experimentally enhance dij and improve the sensitivity to low–amplitude
ambient vibrations and reduced fragility [133]. The strain coupling and therefore the ME
coupling in ME composites is also increased because of the large surface–to–volume ratio,
which increases the interfacial surface area between the two phases [134].

The direction of future applications of NGs and ME composite devices in this work has
focussed on vibrational energy harvesting and magnetic field sensing and energy harvesting.
The number of academic publications on ‘nanogenerators’ has increased from 8 in 2007 to
516 in 2017 and on ‘magnetoelectric composite’ from 104 in 2007 to 242 in 2017, from
one journal database search engine [316]. These devices are at the beginning stages of
commercialisation and are likely to have an impact on the future of wireless electronics and
devices connected over the IoT.

In this work, piezoelectric semiconducting vertically aligned ZnO NW arrays have been
grown via TAED, which is a simple, cost–effective, scalable and low–temperature technique,
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in flexible PC templates. The length of the NWs embedded in the templates was controlled by
the deposition potential and time and using this method, the ZnO NWs were polycrystalline
with single crystal crystallites showing some overall orientation of the [100] axis parallel
to the growth direction i.e. the long NW axis. Using this method and with NWs with this
aspect ratio of ∼ 60, it is unlikely that the NWs could be single crystal but some preliminary
studies using seeded substrates showed potential for the orientation to switch to parallel to the
[002] axis. Further optimisation to achieve this would likely lead to improved piezoelectric
performance because PPP would then be parallel to the applied TTT when using the NW array as
a NG and being excited in impact mode.

The nanoscale or surface d33 was measured to be ≈ 12.5 pm V−1 on an individual ZnO
NW using KPFM and ND–PFM, a technique developed in the group, which is of the same
order as previously reported bulk measurements on ZnO.

By simply adding electrodes to the as–grown ZnO NW arrays embedded in PC templates,
ZnO NW–based NGs were fabricated. The templated growth provided nanostructuring,
stability, flexibility, and prevented electrical shorting and likely reduced impurities being
adsorbed on the surface of the NWs. The energy harvesting performance of the NGs was
tested in both impact and flex modes, exciting the NW arrays parallel and perpendicular to
their length respectively. This included both V and I measurements at varying frequencies
and measured across varying resistive loads. A power density of 151 mW m−3 was reached
after testing in impact mode using 0.68 mm amplitude impacting vibrations at 5 Hz, and after
an initial ≈ 11 % drop in the V output, fatigue testing, which has rarely been reported in this
field, showed the NG had good performance after 24 hours of continuous testing. χ and χ ′

were found to be ≈ 4.2 % and ≈ 3.76 x 10−3 % respectively.
The TAED method is a single growth process, and with minimal post–deposition process-

ing required to turn the NW array into a NG and with promising power density results, these
ZnO NGs have the potential to be scaled up for low–cost energy harvesting applications.
To the best of the author’s knowledge, this is one of the only examples of extensive fatigue
testing reported on a ZnO–based NG, which was possible due to the unique template–assisted
growth technique adopted.

Using other templated growth techniques, NTs and NWs of the ferroelectric polymer,
P(VDF–TrFE), have been fabricated. These included solution–wetting, melt–wetting and
vacuum–wetting and are all based on drop–casting P(VDF–TrFE) solution onto commercially
available nanoporous AAO templates. Similarly to TAED, these low–temperature, solution–
based techniques all have the potential to be scaled–up and each were shown to have their
advantages and disadvantages, for example, vacuum–wetting and melt–wetting produced
NTs with thicker walls and were more likely to form closed NT shells compared to solution–
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wetting. The formation of the ferroelectric β phase where the electric dipoles are aligned
perpendicular to the polymer chain has been shown to be present in the NTs to a greater extent
than P(VDF–TrFE) in its bulk powder form, but with other non–polar phases coexisting.

TAED has also been used to grow both Ni NWs directly into AAO templates and
Ni – P(VDF–TrFE) core–shell or (1–1) composite NWs. The Ni NWs were found to be
polycrystalline but with single crystal crystallites.

The ME coupling of the Ni – P(VDF–TrFE) (1–1) composite NWs along with (2–2)
and (1–3) composites, fabricated using a combination of ED, TAED, drop–casting and spin–
coating, have been studied using a combination of bulk magnetic measurements, VSM, and
nanoscale SPM measurements. KPFM, PFM and MFM were used in a unique combination
to image the local ME coupling in the composites and estimate αC. Local ME coupling was
found in the three different types of composites and was largest in the (1–1) NWs.

The use of different advanced SPM techniques to probe nanoscale properties of functional
materials in this thesis lays the basis for a multi–microscopy toolbox that can be more widely
adopted across other materials and functionalities. The use of KPFM prior to each PFM
and MFM measurement enabled any electrostatic interactions to be minimised and therefore
reduce the influence they had on the final result. Not using KPFM can lead to incorrect
conclusions being drawn from the PFM and MFM images. A further step would be to
measure the surface potential with KPFM at every pixel in the image, rather than averaging
over the whole image, as this would more precisely reduce the electrostatic interactions. The
direct ME effect could also be induced by adding a permanent magnet beneath the sample to
magnetise it, and measuring the piezoresponse with PFM before and after. αE could then be
calculated and compared with the αC values calculated in this work.

Computer simulations could provide more insight into the ME behaviour of the ME
composites at the nanoscale. After making the models of each of the composites and
modelling EEE applied during poling from the AFM tip, the SSS on the Ni phase from the P(VDF–
TrFE) phase could be calculated. This could then be used to approximate the resulting
MMM in the material and could be compared with experimentally measured MMM from MFM.
Additionally, to convert αC

ij to αE
ij , the measurement of εij is required of the ME composites,

and so this is a further possible measurement which will help compare the ME coupling of
the composites made in this work, with other composites studied in the literature.

Preliminary bulk ME and energy harvesting measurements were performed on (2–2) and
(1–3) Ni – P(VDF–TrFE) composite devices and showed that there was potentially some
macroscopic ME coupling. A template based (1–1) ME composite device was fabricated,
with the same device structure as the pure P(VDF–TrFE) NT-based device, refer to Fig. 2.10
in Chapter 2 for a schematic diagram, but there were problems with electrical shorting leading
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to no working devices. This is likely to have happened because the Ni cores of the composite
NWs were grown for too long and so this could be prevented by growing shorter Ni cores.

The bulk ME measurement set–up, consisting of a pair of Helmholtz coils and a pair
of electromagnets, was limited in the range of Hac and Hdc possible values, due to the
size of the electromagnets and coils. Using a wider range of field strengths would help
understand the ME behaviour of the devices, particularly to see at what value of Hdc the
magnetostriction saturates. It will also help in performing Hac frequency sweeps to search for
the magnetoelastic resonance. As well as this, further understanding of the electrical noise in
the set–up is required.

It would be interesting to separately measure both bulk magnetostriction and ferroelectric
hysteresis curves, analogous to ferromagnetic hysteresis curves, to look at the individual
phase behaviours. This would provide information about the saturation Hdc to aid the bulk
ME measurements and see how the ferroelectric behaviour of P(VDF–TrFE) is altered by
being in contact with Ni.

Other material options using the same fabrication methods include odd numbered nylons
as an alternative to P(VDF–TrFE), such as nylon–11, and other magnetostrictive materials
that can be grown via ED with higher λhkl values, such as Galfenol, are other interesting
avenues to study.

Overall, TAED has been found to be a simple, solution–based technique used for growth
of piezoelectric and ferromagnetic NWs, while SPM has proved to be a powerful tool in
developing a microscopic understanding of NW / nanocomposite functionality. This unique
multi–microscopy approach could guide the design and optimisation of functional NWs for
specific applications. TAED lends itself particularly well to device integration, for example
in the form of NGs and/or sensors, examples of which were demonstrated in this thesis. The
scalability, low–cost and minimal post–deposition steps of each of the template–assisted
growth techniques used in this work, have led to ease of fabrication of devices with good
fatigue performance. Different templates with different surface properties and aspect ratios
may reveal enhanced functionalities for specific applications.
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