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Introduction

Variable capacity or electrostatic energy harvesting is one of
several methods to convert mechanical energy directly into
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There are a range of promising applications for devices that can convert mechanical energy from their
local environment into useful electrical energy. Here, mechanical energy harvesting devices have been
developed to scavenge low-frequency energy from regular biomotion such as joint movement and heel
strike. Specifically, these harvesters exploit novel printed nanocomposite dielectric inks in combination
with commercially available conductive elastomers to develop a low cost, high performance
embodiment of a variable capacitance mechanism device. The filler of the nanocomposite dielectric ink,
consists of high-k dielectric nanoparticles (barium titanate and strontium doped barium titanate)
functionalised with poly(methyl methacrylate) to improve the interface with the epoxy matrix.
Characterisation by thermogravimetric analysis coupled to mass spectrometry and X-ray photoelectron
spectroscopy confirmed the successful covalent grafting of up to ca. 16 wt% poly(methyl methacrylate)
onto the dielectric nanoparticle surfaces, with a thickness of approximately 14 nm, measured by
transmission electron microscopy. The dielectric inks were screen printed onto copper-polyimide foils,
resulting in large area and flexible five to twenty-micron thick films with dielectric constants up to 45.
Nanoparticle polymer functionalisation improved the homogeneity and stability of the inks. Using these
screen-printed dielectrics with the commercial conductive elastomer, the mechanical energy harvester
prototype demonstrated high mechanical cycling stability and low leakage current. It provided a
promising power density of 160 pW cm™>, at low frequency (0.5 Hz), over a 1000 cycles, making the
device suitable for wearable applications. This type of harvester has two advantages over the state of the
art: it is mechanically flexible for integration into wearables and can be produced at low cost with
printing methods.

electricity. Such devices are intended to power energy autarkic
sensors for internet of things applications or wearable
electronics.'™ Electrical energy can be generated if the capaci-
tance is varied as a function of the mechanical load and if the
capacitance is charged and discharged at the right moment
of the harvesting cycle. There are three main categories of
capacitive energy harvesters:

1. MEMS harvesters which use silicon plates as capacitor
electrodes and change the capacity by varying the plate distance
or the degree of overlap.

2. Elastomer harvesters which use a dielectric elastomer
membrane covered with flexible electrodes. Deformation of
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are closely related to dielectric actuators.’

3. Liquid metal harvesters, in which liquid electrodes are
forced to wet and de-wet a dielectric layer, changing the
effective area of the electrode.

MEMS and elastomer harvesters are restricted to relative
permittivity values of 1 and ~ 3 respectively, whereas the liquid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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metal approach can exploit high dielectric constant (k) materi-
als to improve the capacitance and hence the efficiency of the
device. Liquid metal electrode harvesters were first demon-
strated using mercury,® and subsequently developed with room
temperature liquid metal alloys (Galinstan).” However, since
mercury is toxic and the liquid alloys suffer from oxidation,
there is interest in replacing the droplet electrode, with an
electrically-conducting elastomer. Coupled with advances in
printed electronics, it is now possible to print complex
nanocomposite formulations to manufacture reproducible
devices for a variety of applications.® ™"

Capacitive harvesters have been successfully demonstrated
using carbon-particle filled elastomer electrodes and commercial
polymer foil dielectric layers.'” Primarily, the process of pressing
and releasing the elastomer electrode onto the dielectric surface,
changes the capacitance; however, there can also be a triboelectric
contribution, which was recently optimized using core-shell
liquid metal inclusions within an elastomeric polymer."® The
energy conversion mechanism of an electrostatic transducer is
based on physical coupling of the electrical and mechanical
domain by an electrostatic force. In order to convert mechanical
energy to electrical energy by means of electrostatic transduction,
a variation in capacitance is necessary over time.

It is possible, at practical voltages, to increase the energy
density of the harvesting devices by increasing k-values, even at
a reduced breakdown strength. Consequently, robust, yet
cheap, high-k dielectric films need to be developed for flexible
mechanical energy harvesting devices. Improved power density
and efficiency will be a crucial enabler for many applications
including wearable and portable electronics including
pacemakers'*'® and wearable functional smart textiles (clothing,
shoe soles),"®™® wireless sensor networks and others. For these
reasons, printable, scalable, high-k dielectrics are sought, with
the potential for low cost, high-throughput and straightforward
fabrication. Ferroelectric ceramics (such as barium and
strontium titanate) are often utilised as they offer very high dielectric
constants,”>*! but they are not easily translated into formulations for
flexible electronics as they are generally mechanically brittle and
unprintable. On the other hand, polymers can provide mechanical
and synthetic flexibility, however, polymers normally have much
lower dielectric constants than their ferroelectric ceramic particle
counterparts. A popular approach to convert relatively bulky
dielectric materials into printable inks necessary for high-
throughput and industrial translation, has been to prepare (nano)-
composites. Ferroelectric ceramics (as the filler) have been combined
with polymers (as the matrix) using various loadings and mixing
methods to improve the dielectric constant, dielectric loss and
electrical breakdown strength of composite films. However, simple
blending has proven insufficient to capture the best qualities of both
the filler and matrix. In composites, especially in nanocomposites, it
is important to optimise the interface between the two materials to
improve both processing and properties; eliminating defects
associated with agglomeration can improve both mechanical
stability and dielectric properties. One approach has been to
functionalise the surface of ferroelectric ceramics with a polymer
that has a low interfacial energy with the matrix to encourage

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and increase dispersibility.”>>® Typical polymer matrices have
included, poly(methyl methacrylate) (PMMA),>® epoxy resins, poly
(3,4-ethylene dioxythiophene) (PEDOT),* poly (glycidyl methacry-
late) (PGMA)*® and polystyrene (PS).***! Poly(vinylidene fluoride)
(PVDF and its co-polymers) are also popular as, intrinsically, they
have a relatively high dielectric constant.”®*>* Several high dielec-
tric constant polymer composites have been prepared using cera-
mic nanoparticles, mainly BaTiO;,>>*"*® 7r0,>*** and TiO,*
particles. Most studies have used spherical nanoparticles but there
has been some interest in nanofiber ferroelectric ceramics as the
high-k fillers.**” In addition to nanofiller geometric effects,*® the
elemental compositions of the ferroelectric ceramics (e.g. ABX;)
can be adjusted to control the dielectric response with
temperature.*****! In this work, we have developed a nanocompo-
site system by combining polymer functionalised nanoparticle and
nanofiber perovskite particles, to produce epoxy-based inks for
screen printing polymer nanocomposite dielectric films. These
films were incorporated into stable mechanical energy harvesting
devices by utilising an insulating elastomeric spring element and
conductive elastomer (in place of the liquid metal electrode) to
enable maximum wetting and de-wetting of the dielectric surface
for maximum electrostatic transduction.

Results and discussion
Polymer functionalised nanoparticles

Raw materials of commercial barium titanate (BTO-s) nano-
particles and custom-made strontium doped barium titanate
(BSTO-f) nanofibers (provided by Pardam®) were characterised
by scanning electron microscopy (SEM) and X-ray diffraction
(XRD). The average BTO-s particle diameter was 100 nm
(Fig. S1a and b, ESIt) and the BSTO-f particles had an average
fibre diameter and length of 200 nm and 10 pm, respectively
(Fig. S1c and d, ESIt). The X-ray diffractograms show a definite
shift between the BTO and BSTO (Fig. S2, ESIf). Based on
Vegard’s law, the XRD peak position indicates a composition of
Ba, 51 4TiO3, consistent with XPS analysis (Fig. 2d).

BTO-s and BSTO-f materials were treated using a siloxane
coupling method>***** (summarised in Fig. 1); first, the
particles were treated with hydrogen peroxide to increase the
surface hydroxyl groups, followed by a silanisation step using
aminopropyltrimethoxy silane (y-APS) with the addition of
2-bromo-2-methylpropionyl bromide, which, once grafted,
initiated the polymerisation of MMA by atom transfer radical
polymerisation (ATRP) (full experimental details are provided
in the Experimental section). Following polymerisation, excess
polymer and unreacted monomer was removed with a series of
acetone solvent washes.

To confirm successful covalent grafting of PMMA onto the
nanoparticle/fibre surface and determine the thickness of the
polymer layer, thermogravimetric analysis coupled to a mass
spectrometer (TGA-MS), X-ray photoelectron spectroscopy
(XPS), and transmission electron microscopy (TEM) were
performed. A significant weight loss was observed during TGA
of BTO-s-PMMA and BSTO-fPMMA in the temperature range of
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Fig. 1 Schematic of the poly(methyl methacrylate) functionalisation strategy of BTO-s and BSTO-f to produce printable dielectric inks.

300-500 °C; the features were assigned to the pyrolysis of the
organic polymer, using the mass fragments ((m/z 41
(-CH,C(CH;)-"), 59 (-COOCH;"), 69 (-CH,C(CH;)(CO)-"))
detected in both samples (Fig. 2a and d), and fall in the
expected temperature range.** The mass loss of the products
(BTO-s-PMMA and BSTO-f-PMMA) compared to the as-received
(BTO-s and BSTO-f) and pre-polymerisation material (BTO-s-
APS-Br and BSTO-fAPS-Br) increased, corresponding to
polymer grafting ratios of 13 wt% and 16 wt%, respectively
(grafting ratio = weight of polymer/weight of inorganic framework).

XPS data for BTO-s-PMMA and BSTO-fPMMA also supports
the successful surface particle modification at each stage of the
synthesis process. There is a strong carbon signal in the raw
materials (i.e. before performing any surface treatments) which
can be attributed to the background support, contamination,
and residual carbon from the polymer precursors used for the

a sl = 3.0x10” b 80
i 70
o 2:5x10°
60
gw_ 4 2.0x10° 5 . 50
f!} 4 1.5x10° g E‘ﬂ
- 2 2 30
80 - 4 1.0x10° ';
20
 5.0x10"° 103]
0 00 0
800
d 1004 e 80
; + 4x10™ 70
\“ ......................
\ BSTOfAPS | o
g% ‘ g N
£ v\ o %
5 miz =41 \ 5 N
s S\_BSTO-fPMMA =" 2 %
80 I— 2 %
N
miz= 69 | 1xt0™ §
=59 N\
100 200 300 400 500 600 700 800 Ba Sr c
Temperature (°C)
Fig. 2 (a) TGA-MS profile of BTO-s-PMMA m/z 41 (-CH,C(CH3)-"), 59 (-COOCH3"), 69 (-CH,C(CH3)(CO)-

spectrums of BTO-s-PMMA, (c) TEM images of the PMMA shell coating BTO-s, (d) TGA-MS profile of BSTO-f-PMMA, m/z 41 (-CH,C(CH3)—

(-COOCH3"), 69 (~CH,C(CH3)(CO)-
coating BSTO-f.
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particle synthesis. Following initial surface treatments (-OH,
—y-APS and -Br) the atomic percentages (at%) from XPS of C, O
and Br increase significantly compared to the unfunctionalised
material (Fig. 2b and e). Conversely, once functionalised and
coated with a surface layer of P(MMA), the at% of Ba and Ti in
BTO-s and Ba, Sr and Ti in BSTO-f decreased significantly. This
decrease in metal at% but increase in carbon further supports
the successful polymer functionalisation, as XPS is a surface
sensitive technique. In addition, the bromine signal was not
detectable after the successful polymerisation of MMA by ATRP
(BTO-s-PMMA and BSTO-fPMMA; Fig. 2b and e). Finally, the
polymer coating was clearly observed by TEM, which further
supports the XPS results; in BTO-s-PMMA and BSTO-fPMMA
the polymer layers were approximately 9 nm and ca. 14 nm
thick, respectively (Fig. 2c and f). Furthermore, the crystal
structure of BSTO-f was only resolved by high resolution TEM
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before functionalisation and surface coating (Fig. S3a, ESIY); it
was not possible to resolve the structure post-polymerisation
due to the amorphous polymer coating (Fig. S3b, ESIt). FTIR
was also utilised to further confirm successful grafting of
PMMA onto the nanofibre surface (Fig. S4a, ESIt). Clear signals
from the BSTO is detected pre- and post- PMMA functionalisation,
but distinct peaks associated with PMMA are observed post-
functionalisation, including a distinct band at 1150 cm™* which
can be attributed to the C-O-C stretching vibration. The sharp
band at 1725 cm ™" shows the presence of the acrylate carboxyl
group and the band at 1444 cm ™" can be attributed to the bending
vibration of the C-H bonds of the methyl group. As the volume
fraction is quite low, the FTIR signal of the polymer functionalised
particles incorporated in epoxy is weak as the epoxy IR signature is
strongest and masks the signal from the nanoparticles (Fig. S4b,
ESIY).

Printed dielectric inks

Dispersions of functionalised BTO-s-PMMA and BSTO-fPMMA
in acetone were considerably more stable than for the raw
material; after several days there was a thin sediment layer for
the BSTO-fPMMA whereas the unfunctionalised BSTO-f
sedimented in a matter of hours (Fig. 3a). BTO-s-PMMA and
BSTO-fPMMA were dispersed in acetone in separate vials and
incorporated into ultra low viscosity (ULV) epoxy (ca. 1 Pa s at
20 °C) at a loading volume fraction, ¢ = 0.05 by shear mixing.
The acetone was driven off and the epoxy degassed in a vacuum
oven which produced a stable ink suitable for screen printing.
The functionalisation process was scaled up from ca. 2gto20 g
so the ink could be used for printing larger area dielectrics and
were stable for several months (Fig. 3b). Ink viscosities viable
for screen printing are generally in the range of 0.1-10 Pa s,
which given the low loading volume fraction of the nanoparticle
fillers in the ULV epoxy, is in the rheological range for printing.
The screen mesh and number of layers also controlled the
quality of the print.

As well as utilising a low viscosity epoxy, it was also a slow
cure epoxy which helped to control the printing process further,
allowing for a longer working window for printing. Hardener
was added to the epoxy-ceramic (BTO-s-PMMA-epoxy or BSTO-f
PMMA-epoxy) inks and printed onto Cu-polyimide films using a
screen printer, optimised for mesh size and number of layers
(further details below and in the experimental section). The
loading of the BTO-s-PMMA and BSTO-fPMMA in the epoxy
composite dielectric films was fixed at ¢ = 0.05 as higher
loadings resulted in increased viscosity and inks unsuitable
for printing. After curing, the films were smooth, shiny and
flexible and between 5-20 um thick, with an even distribution
of particles throughout the matrix (photograph in Fig. 3b and
surface roughness images via AFM in Fig. S5, ESIt). It was also
possible to bend and flex the dielectric films between 90-180°
without cracks appearing on the surface (Fig. 3c and Fig. S5b,
ESIT). Across a range of frequencies (10°-10° Hz) there was a
significant increase in the dielectric constant of both printed
BTO-s-PMMA (ca. 21) and BSTO-fPMMA (ca. 45) when
compared to the pure epoxy film (ca. 2) (Fig. 3d). The films

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Digital image of as-received BSTO-f and functionalised BSTO-

f-PMMA in acetone after 48 h sedimentation, (b and c) printed dielectric
films (10 x 10 cm) on flexible Cu-polyimide substrates and (d) the
measured dielectric constants of printed films loading fraction, ¢ = 0.05.

have a good dielectric performance, given the low content of
ceramic, compared to other systems in the literature (Fig. 4);
the low ceramic loading reduces cost and improves flexibility.
The functionalisation with PMMA plays a significant role -
more than doubling the dielectric constant of the BSTO-f
PMMA-epoxy compared to the BSTO-f-epoxy control (Fig. 3d).
As expected, the increased dielectric constant was associated
with a lower electrical breakdown strength (Ep). In general,
there is an empirical guideline that the maximum dielectric
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Fig. 4 Summary of literature values of dielectric constant and volume

fraction based on BTO nanocomposites. (Table S2 in ESIf contains details
of the data present in the plot).
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power density (~kEy?) does not exceed 400 MV cm ™ >.*® There
are some remaining defects in the film surface from the
printing process that can limit the breakdown strength, but
the dielectric breakdown strength film tests exceed the testing
range of the harvester (Table S1, ESIT), furthermore the current
leakage is very low as discussed in detail below.

Existing literature in the functionalisation of intrinsically
high-k nanoparticles composites for thin film dielectric harvesters
is summarised in Fig. 4 and Table S2 (ESIY), focussing on BTO
and strontium titanate (STO) spherical nanoparticles. The
reported dielectric constant varies widely, due to a range of
contributing factors including volume fraction, degree of functio-
nalisation of the ferroelectric ceramic particles, the type of
polymer, mixing methodology, matrix type, frequency at which
the dielectric properties were recorded and the composite for-
mation process (e.g. hot press, draw-down etc.). However, a
general linear trend for BTO-PVDF nanocomposites is observed
for volume fractions between 0.1-0.5 with dielectric constants
reported between ca. 18-42, which broadly follows the Bruggeman
mixing rule®® (although it should be noted that due to variability
in the way and which data is reported in literature it was not
always possible to compare fairly). There appear to be two trends
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for PMMA functionalised BTO spherical nanoparticles. The
dielectric constant of the low volume fraction BSTO-fPMMA from
this work is within the upper band of other PMMA-BTO high-k
nanocomposites, suggesting an excellent microstructure.

Mechanical energy harvesting device

Following the successful printing of the dielectric nanocomposite
films, the mechanical capacitive harvesting concept was investi-
gated by combining a composite elastomer electrode and the
insulating spring element,”” with the printed high-k dielectric
films. In the harvester, the maximum capacitance (in the
compressed state) not only depends on the thickness and
permittivity of the dielectric but also on the quality of the
electrode and the electrode-dielectric interface. The dielectric of
the variable capacitor must not only be characterized by a high
permittivity, breakdown field and low leakage currents'> but also
by a high mechanical strength and wear resistance to sustain
thousands to millions of pressure cycles.

The influence of the dielectric printing parameters and
elastomer electrode behaviour were tested first. Stencil printed
1 x 1 cm® large 120-200 um thick layers of the commercial
conducting elastomer ELASTOSIL® LR 3162 were fabricated as

Contact Pressure
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Fig. 5 (a) A real capacity (at 1 kHz) as function of the top electrode (deposited Ag versus elastomer at 40 N cm™2) layers indicare the number of printed
layers, (b) as function of screen print mesh count for the dielectric print, (c) as function of material, layer number and mesh count at 5 N cm~2 contact

pressure, (d) as function of contact pressure.

1784 | Mater. Adv,, 2022, 3,1780-1790

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00661d

Open Access Article. Published on 08 January 2022. Downloaded on 1/25/2026 8:59:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

elastomer contacts. A maximum applied pressure of 40 N cm™>
was selected to represent the approximate range accessible with
a thumb press or heel strike. Using the conductive elastomer
electrode rather than a directly deposited metal (Ag) contact
produced a slightly lower capacitance (reduced by 18-21%);
however, the values are very encouraging given the particulate
filler in the elastomer (Fig. 5a). The use of a higher mesh count
(110T is the mesh count per centimetre) during the dielectric
screen printing resulted in thinner dielectric layers and there-
fore higher capacitance (Fig. 5b). In all cases, the use of BSTO-f-
PMMA resulted in higher capacitance compared to BTO-s-
PMMA (Fig. 5¢). Using a double layer print, only marginally
increased the dielectric thickness from 10-12 pm to 13-15 pm,
but increased the capacitance, presumably by creating a more
uniform film (Fig. 5¢). The observed capacitance scaled nearly
linearly with the applied mechanical pressure from 5 N cm™>
up to 30 N cm™? (Fig. 5d).

The final harvester design is shown in Fig. 6. An elastic
silicone spring element was printed inside the conductive
elastomer electrode area to promote rapid detachment between
electrode and dielectric after pressure release.?” Electrodes and
dielectric patches of 1 cm® were printed on flexible substrate
strips that were folded in a stack of three parallel connected
capacitors (Fig. 6b and Fig. S5b, c, ESIT). All devices were
encapsulated in a polymer pouch to avoid contamination of
the interface (Fig. 6¢c, d and Fig. S5d, ESIf). A maximum
capacity of ca. 1.5 nF was achieved at a pressure of 50 N with
the three-capacitor stack device.

A large number of devices were fabricated with material
variations to study the long-term cycling behaviour. The diode
circuit (Fig. 7c) was used to study the energy harvesting
behaviour. Electricity is generated by simply lifting the voltage
of the charges from V; to a higher voltage V,

Q Vl var-max (1)
where Q is charge, V; the initial charging voltage and Cyar—max
the maximum capacitance of the variable capacitor. The step-
wise increase of output voltage and current through C,,, was

Conductive Elastomer

Spring
Element

Fig. 6 Energy harvesting demonstrator, (a) cross section, (

each layer in the stack, (c and d) encapsulated devices.
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observed when manually pressing the harvester device and is
shown in Fig. 7b and d. The principle of capacitive harvesting
is proven, since the voltage rise during cycling is in good agree-
ment with the capacitive harvesting cycle. On the other hand,
there is a certain triboelectric contribution. Triboelectricity
depends on polarity. A ca. 10% difference in voltage rise was
obtained by using the reverse polarity of the capacitor. The results
shown in Fig. 7 were achieved with the dielectric connected to the
plus pole (Fig. 7c).

A significant improvement in the performance of the
harvester in terms of durability and cyclability was achieved with
the polymer functionalised nanocomposite dielectric materials.
The capacitance in the loaded state (Table 1) is similar (ca. 1.4 nF)
in all cases of dielectric but the leakage current was considerably
reduced using the PMMA-functionalised dielectric particles. The
leakage current was lower for freshly prepared devices after
cycling; several samples of unfunctionalised dielectrics showed
a dramatically increased leakage current by a factor of 100-1000
after cycling, due to mechanical failures associated with particle
agglomerates in the films, which the PMMA functionalisation
reduces.

The power of the harvester depends on the maximum
accessible frequency. With the current elastomer electrode
and integrated spring elements a working frequency of 0.5 Hz
was achieved. The energy of one harvesting cycle with the diode
circuit is;

E = Crnax Vi )

Where E is energy and assuming that V, = 2V; (the output
capacitor was chosen in relation to Cpay, that voltage is
approximately doubled because this gives maximum efficiency
of the circuit) and C,;, can be neglected as shown in Table 1.
A considerable power micro system can be achieved even at low
frequency if the voltage is sufficiently high (Table 2). Therefore
the device can be attractive for wearable applications, even at
higher voltages, because the currents are small. The energy
density of the harvester was estimated for a device thickness of
450 pm, ignoring the packaging which could be readily reduced,

I
Substrate
Cu Kapton

b) capacitor stacking by folding of dielectric and electrode foils; the active area is 1 cm? for
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Fig. 7 (a) Characteristic of a three-layer capacitor stack according to Fig. 6d, (b) output voltage of the harvester device with the parameters: Co\, = 180
PF. Chigh = 1550 pF, lieakage = 15 NA, (c) harvester test circuit, (d) output voltage and current through the variable capacitor for a single layer with Crax =
508 pF. Data reanalysed from.*®

Table 1 Comparison of harvester device parameters of unfunctionalised STO-epoxy dielectric films and the PMMA functionalised BTO-s and BSTO-f
dielectrics

Sample C (ON) (nF) C (40N) (nF) Tiear (ON) (nA) Teax (20N) (nA) Ieax (20N) (nA) > 1000 cycles

Non-functionalised dielectric®

STO-B2 0.059 1.4 2 3-7 20-30
STO-B2 0.057 1.5 <1 10-20 3400
STO-B2 0.057 1.4 6 10-20 1000
Functionalised dielectric films

BTO-s 1L 0.043 1.0 1.7 1-7 20-30
BTO-s 2L 0.046 1.4 1.0 3-7 5-10
BSTO-f 2L 0.061 1.5 <1 3-5 8-15

“ See ref. 12 for further details, B2 = batch 2 (2 layers, 110T mesh), 1L = 1 printed layer (110T Mesh), 2L = 2 printed layers (110T mesh), Jjc,i = leakage
current.

and using example voltages of 10 V and 100 V, as used in the
experiments. The values shown in Table 2 are above most published
data for wearable electrostatic harvesters (0.3-0.6 UW cm™?),
with a recent publication reporting slightly higher values of

Table 2 Energy harvesting power and power density at a frequency of
0.5Hz, Crax = 1.5nF, Cyin < 0.1 nF, Vo =2 x Vy

8.8 uW cm > for electrostatic harvesters’® and piezoelectric
harvesters (103 uW cm ™2, 6.8 uW cm ) that were demonstrated
in this frequency range (0.1 and 5 Hz).>>>'

Conclusions

Printable epoxy-based nanocomposite inks were prepared by
using core-shell structured BSTO-fPMMA and BTO-s-PMMA

0.5 Hz Vvi=10V Vi=100V nanoparticles as fillers. After characterisation, the successful
p 75 nW 7.5 UW covalent functionalisation of PMMA with BTO and BSTO
Power density 1.6 pW cm 160 pW cm ™ resulted in stable nanoparticle dispersions and increased
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compatibility with epoxy. The nanocomposites exhibit signifi-
cantly enhanced dielectric constants and low leakage current
when compared to the epoxy film alone. In addition, when
compared to BTO-s-PMMA-epoxy films, the BSTO-FPMMA films
exhibited a higher dielectric constant. The printed dielectric
films were configured into a mechanical energy harvesting
device containing flexible conducting elastomers separated by
insulating spring elements to maximise capacitance variance as
a function of applied pressure. The printed functionalised
dielectric films showed high mechanical cycling stability and
low leakage current, much improved over the state-of-the-art
materials. The harvester performed well over 1000 converting
cycles, consistently producing a power density of 160 pW ¢cm*
at a frequency of 0.5 Hz. Such devices can be reliably used as
energy harvesters that convert mechanical into electrical energy
and this work has demonstrated that they can be utilised in
wearable electronic applications in the future.

Experimental
Materials

BaTiO; nanoparticles were purchased from Sigma-Aldrich UK
and Ba(.)Sr(0.4)TiO; nanofibres were supplied by Pardam,
Czech Republic. Hydrogen peroxide (H,O,), methyl methacrylate
(MMA), copper(i) bromide (CuBr), acetone, toluene, methylene
chloride (CH,Cl,), N,N-dimethyl formamide (DMF), 2-bromo-2-
methylpropionyl ~ bromide,  N,N,N',N",N"-pentamethyldiethyl-
enetriamine (PMDETA), y-amino-propyl triethoxysilane (y-APS)
were purchased from Sigma-Aldrich UK. Methyl methacrylate was
previously purified by passing the monomer through an alumina
column to remove stabilizers and then degassed via a freeze-
pump-thaw method and dried over 3 A sieves (20 vol%) and kept
under nitrogen. Prime™ 20ULV epoxy was purchased from Gurit
with a slow (ULV) hardener. Holey carbon films on 300 mesh
copper grids used for TEM experiments were purchased from
Elektron Technology UK Ltd. Aluminium oxide 90 active neutral
was provided by Merck UK. All gases supplied by BOC, UK.

Preparation of brominated BTO-s and BSTO-f

In a typical experiment, following previous literature procedures
for the PMMA functionalisation of nanomaterials,>*"** the nano-
particles surface was first hydrolysed: 10 g of either BTO-s or
BSTO-f and 70 ml aqueous solution of H,O, (30 wt%) were
combined in a round-bottomed flask. The materials were
sonicated for 30 minutes to suspend the nanoparticles and then
refluxed at 105 °C for 4 h. The nanoparticles were recovered by
centrifugation at 10 000g for 10 minutes and washed three times
with deionized water. The particles were then dried under
vacuum at 80 °C for 10 h. 5 g of the hydroxylated nanoparticles
or fibres were suspended in 50 ml of anhydrous toluene and
sonicated for 15 minutes; 2.5 g of y-APS was added and the
mixture heated to 80 for 24 h under a N, atmosphere.
The nanoparticles were recovered by centrifugation at 10000g
and washed twice with toluene (resulting in BTO-s-APS and
BSTO-f-APS). After drying, the obtained particles (2 g) or fibres

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were combined trimethylamine, the CH,Cl, which contained
0.28 g of 2-bromo-2-methylpropionyl bromide was then added
dropwise at 0 °C over 1 h and stirred at maintained temperature
for 2 h and then left overnight. The nano-particles or -fibres
(BTO-s-Br and BSTO-f-Br respectively) were then recovered by
centrifugation at 10 000g for 10 minutes and washed three times
with CH,Cl,. After drying, the brominated particles were
yellowed in colour (compared to the original white powder)
and stored under N,.

ATRP of MMA with brominated BTO-s and BSTO-f

1.8 g of BTO-s-Br or BSTO-fBr was suspended in 50 ml of DMF
in a round-bottomed flask and sonicated for 15 minutes. 0.22 g
of CuBr was added and seal. Oxygen in the flask was removed
by evacuating and back-filling with N, at least 3 times.
Degassed MMA (in excess) and 0.28 g of PMDETA were added
by syringe through a suba-seal. The mixture was stirred at 60 °C
overnight. The polymer functionalised BTO-s or BSTO-f (namely
BTO-s-PMMA and BSTO-fPMMA) were recovered by centrifugation
at 10 000g for 10 minutes and washed with clean acetone 3 times to
remove any unreacted monomer and adsorbed polymer and then
stored in acetone. PMMA functionalised nano-particles and - fibres
were loaded into epoxy by shear mixing at various loadings, the
acetone was driven off and the epoxy degassed in a vacuum oven,
before adding hardener at a ratio of 1:0.23 resin:hardener. After
curing, dielectric inks where then ready for printing and/or casting
onto Cu/polyimide flexible foils. The inks were printed using an
ATMA flat screen printer (AT-80P/B) and 110T (mesh count per cm)
polyester screen mesh with a distance of 3 mm between the screen
and substrate (Cu/polyimide foil). The film thicknesses were
determined using a VEECO profilometer and (after printing two
consecutive layers) the thicknesses were between 5-10 um. FTIR of
polymer functionalised particles and printed films were measured
with a PerkinElmer Frontier instrument.

Dielectric film characterisation

TGA was performed using a Mettler Toledo TGA-DSC 1 inte-
grated with a Hiden HPR-20 QIC EGA mass spectrometer under
a N, atmosphere. Samples were held at 100 °C for 30 min under
N, flow of 60 ml min~" and then ramped at 10 °C min~"' to
800 °C. XRD measurements were carried out using dried
powder samples. Data were processed using Polymer Labora-
tories Cirrus software. These samples were loaded onto zero-
background silicon XRD sample holders. The measurement
was recorded at a scan rate of 0.108°/s with the Cu Ko (1.542 A)
line using a PANalytical X’'Pert PRO diffractometer. All XPS
spectra were recorded using a K-alpha+t XPS spectrometer
equipped with a MXR3 Al Ko monochromated X-ray source
(hv = 1486.6 €V). X-Ray gun power was set to 72 W (6 mA and
12 kV). Argon etching of the samples was done using the
standard EX06 argon ion source using 500 V accelerating
voltage and 1 pA ion gun current. Survey scans were acquired
using 200 eV pass energy, 1 eV step size, and 100 ms (50 ms X
2 scans) dwell times. All high-resolution spectra were acquired
using 20 eV pass energy, 0.1 eV step size, and 1 s (50 ms X
20 scans = 1000 ms) dwell times. Samples were prepared by
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pressing the sample onto double-side sticky carbon-based tape.
Pressure during the measurement of XPS spectra was <1 x 10—
8 mbar. Casa XPS software (version 2.3.16) was used to process
the data. Scanning electron microscopy (SEM) micrographs
were taken with a LEO Gemini 1525 FEGSEM (Zeiss, Germany)
controlled by SmartSEM software, with a working distance of
ca. 7 mm, accelerating voltage of 10 keV, and a 30 pm aperture
using an InLens detector. Tapping-mode Veeco Multimode VIII
AFM with Nanoscope IV Digital Instruments AFM controller
(Bruker, USA) using Nanosensor tapping mode probes
(Windsor Scientific Ltd, UK) was used to characterise deposited
films. AFM micrographs were processed in NanoScope Analysis
(v1.40, Bruker), using 3rd order flattening (5% z-threshold)
followed by spike removal (value 3.00). Transmission Electron
Microscopy (TEM) was carried out using a JEOL2100Plus TEM
at 200 kV operating voltage. Typically, dielectric films were
coated with Au of 1 ecm Xx 1 cm area (by sputtering) and
capacitance and dielectric constants were recorded using a
DS6000 Dielectric Thermal Analyser (Lacerta Technologies)
and Reference 600 Potentiostat, Gamry Instruments. Electrical
breakdown strength was measured using a Spellman SL600
high voltage power supply on Au coated dielectric films.

Energy harvester measurements

The harvesters were made following the steps of.*®* The
elastomer-electrode was prepared with help of an electrically
conductive silicone rubber “ELASTOSIL® LR 3162 A/B”
(Wacker Chemie AG), a two-component compound with short
curing time. The electrical conductivity is 11 Q em™" and the
viscosity is 6600 Pas according to the data sheet. Doctor blade
as well as screen printing was used to deposit the material on
copper foil or flexible printed circuit board material. A 3 h
curing process was completed at 70 °C. Dielectric and elastomer
electrode foils (process shown in (Fig. S5, ESIT) were mounted
in a mechanical cycling station that allowed to adjust the
maximum force and cycle frequency. All measured samples
had a size of 10 x 10 mm?® The capacity as function of the
applied force was measured with help of Agilent 4284A RLC
meter. The leakage current was measured at 100 V with Keithley
2450 source meter. A steady state value was achieved after ca.
3 min. For current/charge measurements according,*®* the
source meter was used as input voltage source (Vi, = 100 V)
and for measurement of the input current. The output current
was measured over RL with help of the oscilloscope 3012(B). In a
second configuration the Zener diode D2 was replaced with a
diode identical to D1 and RL was replaced by a 3.3 nF capacitor.
The transferred charges were calculated based on the increase of
the voltage at the output capacitor.
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