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1. Summary of Project

The aim of this project was the development of flexible magneto-dielectric polymer composites
consisting of core-shell iron nanoparticles that possess high permeability (u), high permittivity
(¢) and minimal dielectric loss (tan 3). We have reported a novel method to obtain high
permeability, low loss polymer composites with Fe/Ag core-shell nanoparticles. The noble metal
(Ag) shell layer provides protection against oxidation of the Fe core yet, Fe/Ag nanoparticles
cannot achieve high saturation magnetization (M).

We optimized the synthesis of the Fe/Ag core-shell nanoparticles to suppress the formation of
ferrous oxide, thus enhance p and decreasing loss. Additionally, we have characterized the
change in magnetic properties of the Fe/Ag core-shell nanoparticles during oxidation, to
demonstrate the influence of oxidation on the M; of the Fe/Ag core-shell nanoparticles. The air-
stable Fe/Ag core-shell nanoparticles were dispersed in an elastomer polymer matrix
polydimethylsiloxane (PDMS) with 50wt% and 75wt% nanoparticle loading to form flexible
polymer-nanoparticle composites.

We also report a method to fabricate highly conductive strain-stable materials. This fabrication
process allows for conformal deposition on non-uniform substrates utilizing a combination of
solution blow spinning and atomizing. The resulting stretchable conductor consists of an
elastomeric fiber mat-silver nanoparticle composite. Initially, a fiber mat is blow spun from a
solution of poly(styrene-block-isoprene-block-styrene) (SIS) elastomer in tetrahydrofuran (THF).
To establish conductivity, a silver precursor solution is applied to a pre-spun mat and is
nucleated into a network of silver nanoparticles, forming conductive pathways. The resulting
composite achieves a uniform conductivity of 2000 S/cm at zero applied strain, with only a 12%
increase in resistance after 400 cycles at 150% strain. The versatility of this approach was
demonstrated by constructing various electronic devices including a stretchable light emitting
diode (LED) circuit and a strain sensor on uniform and non-uniform substrates.
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“Surfactant-modified Nickel Zinc Iron Oxide / Polymer Nanocomposites for Radio Frequency
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2. Nanostructured Flexible Magneto-dielectrics for Radio Frequency

Abstract

Flexible magneto-dielectric composites were prepared by dispersing high saturation
magnetization (Ms), low coercivity (H.), air-stable, Fe/citrate nanoparticles and heterostructures
of Fe/Ag core-shell nanoparticles in an elastomer (polydimethylsiloxane) matrix. Fe/citrate
nanoparticles with a polycrystalline Fe core, a thin oxide layer, and a citrate shell have a M; of
144 emu/g and H, of 420 Oe. Fe/Ag core-shell nanoparticles exhibit lower M; of 98 emu/g and
H, of 210 Oe prior to annealing. The saturation magnetization of Fe/Ag core-shell nanoparticles
increased to 120 emu/g and the H, decreased to 58 Oe after annealing, due to formation of the
heterostructure and changes in the chemical composition and size of the oxide layer. Magneto-
dielectric composites fabricated with air-stable Fe/citrate nanoparticles possess high x (3.0) and
moderate ¢ (11.6) while maintaining low magnetic (0.29) and dielectric (0.051) loss. Moreover
magneto-dielectric composites fabricated using Fe/Ag heterostructures combine high u (2.25)
and ¢ (22.3) with low magnetic (0.24) and dielectric (0.09) loss. Radio Frequency antennas made
from Fe/citrate nanoparticle and Fe/Ag heterostructure composites have achieved size reductions
of 44% and 38%, respectively.

Introduction

Hybrid materials with high magnetic permeability (m) and dielectric permittivity (e) known as
magneto-dielectric materials are essential for the development of high efficiency microwave
electronic devices and their miniaturization.! Polymer-magnetic nanoparticle composites have
promise as magneto-dielectric hybrids, due to their low magnetic and dielectric loss, mechanical
flexibility, and ease of processability. The polymer matrix prevents particle aggregation,
reducing conductivity losses, and provides mechanical flexibility. Magnetic nanoparticles
dispersed in a polymer matrix contribute to the permeability and permittivity of the magneto-
dielectric composite.”

The permeability of polymer-magnetic nanoparticle composites is limited by magnetic
resonance frequency (fs) and saturation magnetization (M;) of the magnetic nanoparticles
through the Snoek Limit.’ The permeability drops significantly for frequencies above fie. For
this reason polymer composites containing MnZn and NiZn ferrites or similar materials with
high permeability, yet low fis have found limited application in microwave electronics.’
Additionally, materials with low M;s such as iron oxides cannot achieve sufficient permeability to
be utilized for microwave device miniaturization.>”

The dielectric and magnetic loss of magneto-dielectric composites are important
properties that need to be minimized in order to improve the efficiency of microwave electronic
devices. Dielectric losses mostly originate from eddy currents generated in the material. The
eddy current generation in polymer-magnetic nanoparticle composites can be reduced by
decreasing the size of nanoparticles below a critical dimension (skin depth).® It is possible to
increase the skin depth of the hybrid material by decreasing the conductivity originating from the
percolation of magnetic nanoparticles.” As a consequence low conductivity leads to low
dielectric loss. The coercivity (Hc) of magnetic nanoparticles induces magnetic losses in
polymer-magnetic nanoparticle composites.® Magnetic losses can be reduced without sacrificing
any magnetization by the use of superparamagnetic nanoparticles. However, it is quite
challenging to synthesize superparamagnetic nanoparticles with high M. Magnetic materials
with high Ms such as ferromagnetic iron cannot maintain their magnetization at dimensions



smaller than the critical superparamagnetic size because of excessive oxidation.” '° Polymer-
magnetic nanoparticle composites reported in literature consist of either oxidized
superparamagnetic nanoparticles with no coercivity and low M resulting in low u, or high Mg
ferromagnetic nanoparticles with substantial coercivity leading to high magnetic loss.>> ' 2

In this work, we report on the fabrication of two sets of flexible magneto-dielectric
composites with low magnetic and dielectric loss. This is achieved by the dispersion of high M,
low coercivity air-stable iron (Fe) nanoparticles and iron/silver (Fe/Ag) heterostructures in
polydimethylsiloxane (PDMS) matrices. The magneto-dielectric composites made of air-stable
Fe/citrate nanoparticles can be adapted to the fabrication of broadband RF antennas, since they
possess high p (3), while maintaining low magnetic (0.29) and dielectric (0.051) loss."”
Additionally, Fe/citrate nanoparticle composites are shape compliant, allowing tensile elongation
up to 15% strain before failure. Fe/Ag heterostructures formed by thermal annealing of Fe/Ag
core-shell nanoparticles were dispersed in PDMS to fabricate magneto-dielectric composites
with high p (2.25) and € (22.3), but low magnetic (0.24) and dielectric (0.09) loss, which makes
them suitable for RF antenna miniaturization."” '* The Fe/Ag heterostructure composites are able
to deform plastically under tensile elongation up to 70% strain.

Experimental
Synthesis of air-stable Fe/citrate nanoparticles

Fe/citrate nanoparticles were synthesized at room temperature from FeSO4 using NaBHj as the
reducing agent. FeSO4-7H,0 (10mmol) and trisodium citrate dihydrate (2mmol) were dissolved
in 2.5 L deionized water. The mixture was stirred with a magnetic stirrer for 5 minutes, then
NaBH, (20mmol) was added to the mixture to initiate nanoparticle nucleation. The mixture was
allowed to react for 20 minutes, and the nanoparticles were extracted using a rare-earth magnet
for sedimentation. The particles were washed with ethanol 10 times, then vacuum dried and
stored at atmospheric conditions.

Synthesis of Fe/Ag core-shell nanoparticles and heterostructures

Fe/Ag core-shell nanoparticles were synthesized at room temperature using a similar method. In
this procedure Fe/citrate nanoparticles were reacted for 5 minutes instead of 20 minutes, then an
aqueous AgNO; (7ml, 0.5M) solution was injected into the reaction. The mixture was allowed to
stir for 20 minutes, and the core-shell nanoparticles were collected using magnet sedimentation.
The collected particles were washed with ethanol 10 times then vacuum dried. The Fe/Ag core-
shell nanoparticles were annealed at 600°C under flow of reducing gas (Argon/Hydrogen (95%,
5%)) for 1 hour to form a heterostructure of Fe/Ag core-shell nanoparticle aggregates with a
coherent interface. The resulting Fe/Ag heterostructures were kept under atmospheric conditions.

Preparation of flexible magneto-dielectric composites

PDMS (Sylgard 184, Dow Corning) was prepared by mixing base polymer with a curing agent in
a 10:1 weight ratio. Fe/citrate nanoparticles or Fe/Ag heterostructures were mixed in the polymer
at the desired nanoparticle loading. The polymer particle mixture was poured into a mold, placed
in a vacuum dessicator for 30 minutes to remove air bubbles, and cured at 100°C for 4 hours.
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Fig. 1 TEM image of A) Fe/citrate nanoparticles, B) Fe/Ag core-shell nanoparticles, C) Fe/Ag
heterostructures. The SAED characterization of each particle is placed as an inset.

Characterization

Transmission Electron Microscope (TEM) (JEOL 2100F), Powder X-Ray Diffraction
(XRD)(Bruker C2 Discover-Source: Cu-Ka (A=0.154nm)) and X-ray photoelectron spectrometer
(Kratos Axis 165, Al Ka (1486.6 ¢V)) were used for structural and elemental characterization of
the nanoparticles via imaging, Energy Dispersive X-Ray Spectroscopy (EDS), Selected Area
Electron Diffraction (SAED), Powder Diffraction and X-ray Photoelectron Spectroscopy (XPS).



Vibrating Sample Magnetometer (VSM; Lakeshore 7400 series) was used to characterize the
magnetic properties of the nanoparticles. Dynamic Mechanical Analysis (TA Instruments Q800)
was used to characterize the mechanical properties of the polymer nanoparticle composites. The
magnetodielectric properties of the composites were determined using an Agilent RF
impedance/material analyzer (E4991A).

Results and Discussion

The TEM images and SAED patterns of air-stable Fe/citrate, Fe/Ag core-shell nanoparticles and
Fe/Ag heterostructures are presented in Figure 1. The air-stable Fe/citrate nanoparticles capped
with citrate developed a very thin oxide shell, which helps prevent further oxidation of the Fe
core along with the citrate capping layer (Figure 1A). The average particle size for the air-stable
Fe/citrate nanoparticles was measured to be 100 nm with a standard deviation of 19 nm (100 +
19 nm). The Fe/Ag core-shell nanoparticles also have an oxide layer similar to the Fe/citrate
nanoparticles, which separates the Fe core from the shell layer consisting of Ag nanoparticles
(Figure 1B). The average diameter for the Fe/Ag core-shell nanoparticles was 120 + 23 nm,
which is slightly higher than the Fe/citrate nanoparticles because of the additional Ag
nanoparticles covering the Fe core. The Fe/Ag heterostructures consist of aggregates of Fe/Ag
core-shell nanoparticles with the Ag shell layer forming a coherent interface upon annealing at
600°C as illustrated in Figure 1C. In addition to TEM, SAED was used to identify the crystalline
structure of each sample.
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Fig. 2 Powder X-Ray Diffraction data of Fe/citrate nanoparticles, Fe/Ag core-shell nanoparticles
and Fe/Ag heterostructures.

The SAED pattern of Fe/citrate nanoparticles indicates a microstructure of polycrystalline body
centered cubic (bcc) Fe with Debye rings that correspond to, crystallographic planes Fe (110)
and Fe (211) (Figure 1A(ii)-inset). The SAED pattern of Fe/Ag core-shell nanoparticles is an
overlay of the polycrystalline bcc Fe pattern on the polycrystalline Ag pattern (Figure 1B(ii)-



inset). The Debye rings that represent the crystallographic planes in polycrystalline
microstructure of Fe core and Ag shell are shown as an inset in Figure 1B(ii).

The crystalline structure of Fe/Ag core-shell nanoparticles changed significantly after thermal
annealing under reducing gas flow. The crystal size of Ag shell increased after annealing, as
inferred by the discontinuous Debye rings of Ag crystalline planes in the SAED pattern of the
Fe/Ag heterostructure (Figure 1C(ii)-inset). The SAED pattern of the Fe/Ag heterostructure
shows Laue diffraction patterns representing Fe crystalline planes instead of Debye rings. This
indicates a significant increase in crystal size for the Fe core (Figure 1C(ii)-inset).

The average crystal size of Fe is an important structural parameter for the characterization and
tunability of the magnetic properties (M;, Hc) for both nanoparticles and heterostructures.
Crystals below the critical superparamagnetic to ferromagnetic transition size of 10 nm for Fe
result in zero coercivity."> However, further reducing the crystal size below the critical transition
size leads to a decrease in M;."” Powder X-Ray Diffraction (XRD) was utilized to identify the
crystalline structure and crystal size of Fe in each material (Figure 2). The average crystal size of
Fe in nanoparticles and heterostructures was determined from the diffraction peak of Fe (110)
plane using Scherrer’s Equation.'® The XRD data indicates that the core of the nanoparticles
consist of polycrystalline iron with an average crystal size of 5 nm for both Fe/citrate
nanoparticles and Fe/Ag core-shell nanoparticles. Consistent with SAED patterns, the peaks of
the Fe planes become sharper after annealing, which indicates an increase in crystal size. The
average crystal size of Fe for the Fe/Ag heterostructures calculated from XRD data is 9.6 nm,
which confirms the increase in crystal size with annealing (Figure 2).

The chemical composition of nanoparticles and heterostructures is equally important as the
morphology for the displayed magnetic properties. Characterization of chemical composition for
each nanoparticle and heterostructure was performed using localized EDS. XPS was used to
characterize surface compositions of nanoparticles and heterostructures.

The STEM images and corresponding elemental EDS map for each nanoparticle and
heterostructure are presented in Figure 3. The elemental EDS map of Fe/citrate nanoparticles
shows a thin oxide layer covering the surface of the Fe core (Figure 3A). The oxide layer
remains stable after being stored under ambient conditions at room temperature for 6 months
(Figure S1-B). Upon annealing Fe/citrate nanoparticles with an analogous procedure for Fe/Ag
core-shell nanoparticle annealing, the stable oxide layer grew thicker (Figure S1-B). The
elemental EDS map of Fe/Ag core-shell shows a discontinuous shell layer formed by Ag
nanoparticles around the Fe core prior to annealing (Figure 3B), consistent with the TEM images
(Figure 1B). However, the EDS map does not indicate a distinct oxide shell (Figure 3B). After
thermal annealing, the Fe/Ag core-shell nanoparticles form a heterostructure with an Ag shell
with better coverage, as illustrated in the elemental EDS map (Figure 3C). The EDS map of the
Fe/Ag heterostructure shows no obvious signs of oxidation at the surface. This can be attributed
to the presence of a noble metal layer of Ag
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Fig. 3 Scanning Transmission Electron Microscope (STEM) image and EDS elemental map of
A) Fe/citrate nanoparticles, B) Fe/Ag core-shell nanoparticles, C) Fe/Ag heterostructures.
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The characterization of the surface chemical composition of nanoparticles and heterostructures
using XPS reveals the state of oxidation for Fe at the interface between the Fe core and shell
layers (Figure 4). The XPS data agrees well with EDS for Fe/citrate nanoparticles where both
indicate the existence of an oxide layer covering the Fe core (Figure 4A-inset). The oxide layer
apparent at TEM images of Fe/Ag core-shell nanoparticles (Figure 1B) was confirmed by XPS
(Figure 4B-inset). The oxide layer was identified as Fe,O; from the satellite peak appearing at
718.8 ¢V for both Fe and Fe/Ag core-shell nanoparticles (Figure 4(A,B))."” The XPS data also
indicates the existence of elemental Fe represented by the peak located at 706.7 eV (Figure 4(A,
B)-inset). The existence of elemental Fe confirms that the oxide layer is as thin as the limited
mean free path of X-rays.'®

The XPS data of Fe/Ag heterostructures shows that the state of oxidation and thickness of the
oxide layer has changed after annealing (Figure 4C). The oxide layer of Fe,O3; became Fe;O4
after annealing, which can be inferred by the absence of the satellite peak at 718.8 eV (Figure
4C-inset). Additionally, the elemental Fe peak became more prominent relative to the oxide
related peaks (Fe(3pi2), Fe(3psnz)), indicating that the oxide layer becomes thinner after
annealing (Figure 4C-inset). The change in oxidation state and oxide layer thickness after
annealing is consistent with previously reported Fe nanoparticles that were annealed in reducing
ambient.'’

The magnetic characterization correlates well with both the morphology and chemical
composition of the nanoparticles and heterostructures. The Fe/citrate nanoparticles demonstrated
significant Mg (144 emu/g), and high coercivity (420 Oe) (Figure 5A). The Fe/Ag core-shell
nanoparticles have a lower M (98 emu/g) than the Fe/citrate nanoparticles, due to the non-
magnetic shell layer of Ag.

The coercivity of Fe/Ag core-shell nanoparticles (210 Oe) is smaller than for Fe/citrate
nanoparticles because the increase in size of the nanoparticle, reduces the influence of surface
anisotropy.”’ The Fe/Ag heterostructures exhibit a higher M, (120 emu/g) as compared to Fe/Ag
core-shell nanoparticles (98 emu/g) due to the increase in average Fe crystal size and decrease in
oxide layer thickness after annealing (Figure 5A)."" The increase in Fe crystal size did not build
additional coercivity because the average crystal size remained below the critical dimension for
superparamagnetic to ferromagnetic transition. Moreover, the shape anisotropy became even less
significant for Fe/Ag heterostructures since the size increased significantly as the Fe/Ag core-
shell nanoparticles aggregate (Figure 1C). As a result, the coercivity of Fe/Ag heterostructures
decreased to 58 Oe (Figure 5A). The magnetic properties of Fe/Ag core-shell nanoparticles and
Fe/Ag heterostructures were evaluated after 6 months, in order to assess the stability of the
nanoparticles (Figure 5(B-C)). The M; of the Fe/Ag core-shell nanoparticle were decreased by
24% as a result of oxidation (Figure 5B), which was confirmed by EDS studies (Figure S2). The
coercivity decreased slightly to 200 Oe. The magnetic properties of Fe/Ag heterostructures
remained stable over the same period as a result of the protective Ag layer preventing oxidation
(Figure 5C).

The Fe/citrate nanoparticles and Fe/Ag heterostructures were dispersed in a PDMS matrix and
cured to form flexible magnetodielectric composites. The mechanical stress-strain curve for each
polymer/nanoparticle composite is presented in Figure 6. The Young’s modulus of Fe/citrate
nanoparticle (1.75 MPa) and Fe/Ag heterostructure (0.79 MPa) composites with nanoparticle
loading of 50wt% is higher than the modulus of the pure PDMS elastomer (0.56 MPa),
indicating good adhesion between nanoparticles and the PDMS matrix (Figure 6A).*' Both
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Fe/citrate nanoparticles and Fe/Ag heterostructure composites with 50wt% nanoparticle loading
exhibit 120% tensile elongation at break (Figure 6A). The composites made of Fe/citrate
nanoparticles with 75wt% nanoparticle loading can deform elastically until failure at 15% strain
(Figure 6B). On the other hand composites made of Fe/Ag heterostructure composites with
75wt% nanoparticle loading can deform plastically until failure at a strain of 70%, possibly due
to better adhesion between Ag and PDMS (Figure 6B).”' The Young’s modulus of the
composites increases with increasing nanoparticle loading; up to 11.1 MPa and 3.3 MPa for
Fe/citrate nanoparticle and Fe/Ag heterostructure composites at 75wt% nanoparticle loading,

respectively.
A)3.o.............

2.54

2.0+

Stress (MPa)

Strain (%)
Fig. 6 Mechanical Stress/Strain curves for Fe/citrate (circles) and Fe/Ag (squares)
heterostructure polymer composites with A) 50wt% and B) 75wt% nanoparticle loading. The
images of elongated composites are shown as an inset.

The electromagnetic constants (m, e) and loss characteristics of both Fe/citrate nanoparticle
and Fe/Ag heterostructure composites were measured at a frequency range of 1 MHz to 8 GHz.
The ¢ dispersion relation for composites of Fe/citrate nanoparticles and Fe/Ag heterostructures
with 50wt% nanoparticle loading was flat at this frequency range with no sign of dielectric
resonance or relaxation that could lead to additional dielectric loss (tand.=e''/e") (Figure 7A).
Due to the Ag shell, the ¢ values of Fe/Ag heterostructure composite (8) is higher than ¢ of the

12



Fe/citrate nanoparticle composite (4.2) with the same nanoparticle loading of 50wt%.
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Fig. 7 A) Dielectric (¢), Magnetic Permeability («) dispersion and B) dielectric and magnetic loss
values of Fe/citrate (circles) and Fe/Ag heterostructure (squares) composites with 50wt%
nanoparticle loading. C) Dielectric (g), Magnetic Permeability («) dispersion and D) dielectric
and magnetic loss values of Fe/citrate (circles) and Fe/Ag heterostructure (squares) composites
with 75wt% nanoparticle loading.

The dielectric loss values remain low up to a frequency of 3 GHz for both Fe/citrate
nanoparticle (0.04) and Fe/Ag heterostructure (0.06) composites with nanoparticle loadings of
50wt% (Figure 7B). The dielectric loss value of Fe/Ag heterostructure composites increases
drastically above 3 GHz due to conductivity losses introduced by the Ag shell. The ¢ and
magnetic loss (tand,=m"'/m’) dispersion relation shows a magnetic relaxation starting at 2.25
GHz for the composites with 5S0wt% nanoparticle loading (Figure 7(A-B)). The u values for both
Fe/citrate nanoparticle and Fe/Ag heterostructure composites are promising for RF device
fabrication, reaching 1.83 and 1.55 at 1.8 GHz, respectively (Figure 7A). The magnetic loss is
significantly lower for Fe/citrate nanoparticle (0.06) composites and Fe/Ag heterostructure (0.07)
composites at 1.8 GHz (Figure 7B). The magnetic loss increases more drastically for Fe/citrate
nanoparticle composites at higher frequencies, which is possibly due to hysteresis losses and the
inﬂuzeince of the Ag shell on magnetic relaxation by altering interparticle interactions (Figure
7B).
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The ¢ and dielectric loss values of the Fe/citrate nanoparticle composite with 75wt%
nanoparticle loading are stable from 1 MHz to 8 GHz (Figure 7(C-D)). However, the & and
dielectric loss dispersion relation of the Fe/Ag heterostructure composite with 75wt%
nanoparticle loading indicate a dielectric relaxation at 4.4 GHz, due to aggregation of the Fe/Ag
heterostructure with increased concentration (Figure 7(C-D)).> As a result ¢ values decrease and
the dielectric loss increases significantly for frequencies reaching 4.4 GHz. Even though the
dielectric relaxation decreases ¢ and increases dielectric loss of the Fe/Ag heterostructure
composites, they still possess high ¢ (22.3) and low dielectric loss (0.09) up to 3 GHz. The y and
magnetic loss dispersion relation of composites with 75wt% nanoparticle loading indicates a
magnetic relaxation centered at 2.25 GHz similar to composites with 50wt% nanoparticle
loading (Figure 7(C-D)). However, both Fe/citrate nanoparticle and Fe/Ag heterostructures have
high x4 and low magnetic loss values for frequencies lower than the magnetic relaxation
frequency of 2.25 GHz. The Fe/citrate nanoparticle composites with 75wt% nanoparticle loading
have u and magnetic loss values of 3 and 0.29 at 1.8 GHz, respectively. The Fe/Ag
heterostructure composites with 75wt% nanoparticle loading have a u of 2.15 and magnetic loss
of 0.24 at 1.8 GHz. The magnetic loss remains stable for frequencies beyond the magnetic
relaxation for Fe/Ag heterostructure composites unlike Fe/citrate nanoparticle composites, which
tend to have higher magnetic loss with increasing frequency (Figure 7D). As the particles get
more densely packed with increasing concentration, the influence of the Ag shell as a spacer
becomes more influential compared to coercivity effects, thus fixing the magnetic loss of Fe/Ag
heterostructures at 0.24 beyond 2.25 GHz.** Flexible RF antennas have been fabricated using
Fe/citrate nanoparticle and Fe/Ag heterostructure composites that operates at frequencies of 1.7
GHz and 1.9 GHz, respectively (Figure S3). The flexible magneto-dielectric composites
fabricated using Fe/citrate nanoparticles reduced the size of the RF antenna operating at 1.7 GHz
by 44%. The Fe/Ag heterostructure composite has scaled down the size of the RF antenna with
an operation frequency of 1.9 GHz by 38%.

Elemental Analysis of Oxide Growth in Nanoparticles

Energy Dispersive X-ray Spectroscopy (EDS) of individual Fe/citrate and Fe/Ag core—shell
nanoparticles was used to evaluate possible oxide layer growth. The oxidation characteristics of
Fe nanoparticles with a citrate shell were investigated by exposing thermally annealed and non-
annealed samples to ambient atmosphere at room temperature for 6 months. The EDS analysis
shows that the non-annealed Fe nanoparticles are resistant to oxidation with their citrate shell
remaining intact (Figure S1-A). However, the annealed Fe nanoparticles develop an oxide shell
in the absence of the citrate shell over this time period. (Figure S1-B).
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Figure S1. A) Scanning Transmission Electron Microscope (STEM) image (i), EDS elemental line scan (ii), EDS
energy spectrum (iii) of non-annealed Fe/citrate nanoparticle. B) Scanning Transmission Electron Microscope (STEM)
image (i), EDS elemental line scan (ii), EDS energy spectrum (iii) of annealed Fe/citrate nanoparticle.
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EDS analysis also reveals that thermal annealing aids in preventing oxidation of Fe/Ag core-shell
nanoparticles. The Fe/Ag core-shell nanoparticles remain unoxidized up to a week prior to
thermal annealing (Figure S2-A). However, the discontinuous Ag shell layer of the Fe/Ag core-
shell nanoparticles allows slow oxidation of the Fe core (Figure S2-B). As a result of slow
oxidation, the oxide formation is detectable for core-shell nanoparticles that are not annealed and
kept in ambient atmosphere for 6 months (Figure S2-B). Thermally annealed Fe/Ag core-shell
nanoparticles that forms the Fe/Ag heterostructures show no further oxidation after 6 months
(Figure S2-C). Thermal annealing leads to a thicker and continuous Ag shell that provides better
protection against oxidation.

Figure S2. A) Scanning Transmission Electron Microscope (STEM) image (i), EDS elemental line scan (ii), EDS energy
spectrum (iii) of Fe/Ag core shell nanoparticle (1 week after synthesis). B) Scanning Transmission Electron Microscope
(STEM) image (i), EDS elemental line scan (ii), EDS energy spectrum (iii) of Fe/Ag core-shell nanoparticle (6 months after
synthesis). C) Scanning Transmission Electron Microscope (STEM) image (i), EDS elemental line scan (ii), EDS energy
spectrum (iii) of Fe/Ag heterostructures (6 months post synthesis).
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Embedded-Trough Patch Radio Frequency Antennas

Figure S3. A) Image of embedded trough radio frequency antenna assembly. B) Reflected
electromagnetic intensity spectrum for RF antennas with air filled trough (blue), Fe/citrate
nanoparticle composite filled trough (black) and Fe/Ag heterostructure composite filled trough
(red).

The device performance of flexible magneto-dielectric composites was tested by fabricating
embedded-trough patch antennas with Fe/citrate nanoparticle and Fe/Ag heterostructure
composites (75wt% nanoparticle loading). The flexible magneto-dielectric composites were
placed in the trough of a patch antenna as illustrated in Figure S3-A and the reflected intensity
spectrum was measured (Figure S3-C). The RF patch antenna with the Fe/citrate nanoparticle
composite placed in the trough has a bandwidth of 12% at -10 dB. The bandwidth of the RF
patch antenna with the Fe/Ag heterostructure composite was measured as 9.6% at -10 dB. The
slightly higher bandwidth demonstrated by the Fe/citrate nanoparticle composite could be
attributed to a higher m/e ratio. The RF antennas exhibit resonance at 1.7 GHz for the Fe/citrate
nanoparticle composite trough and 1.9 GHz for the Fe/Ag heterostructure composite trough. The
resultant size reduction percentages, as calculated from the resonance frequencies of equal length
troughs, are 44% for the Fe/citrate nanoparticle composite and 38% for the Fe/Ag heterostructure
composite.
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Conclusions

We have fabricated elastic magneto-dielectric composites with low loss by embedding high Mj,
low H,, air-stable magnetic nanoparticles and heterostructures in an elastomer matrix (PDMS).
Fe/citrate nanoparticles and Fe/Ag heterostructures have demonstrated good adhesion with the
PDMS matrix. As a result the composites with 50wt% nanoparticle loading remain flexible up to
a tensile elongation of 120%. These composites demonstrated promising ¢ and u values with low
dielectric and magnetic loss, while still maintaining their flexibility. The utilization of magnetic
nanoparticles with appropriate crystal size, while still protecting the magnetic core against
oxidation, provide a substantial advantage regarding ¢, u, loss values, and tunability of material
properties for various applications in the field of RF communication devices. The Fe/citrate
nanoparticle composites demonstrated higher permeability and lower dielectric loss due to the
absence of a highly conductive and non-magnetic Ag layer. Conversely, the Ag layer allowed
Fe/Ag heterostructure composites to achieve higher permittivity, lower magnetic loss and better
mechanical elasticity. The composites have reduced the size of RF patch antennas as much as
44%. We believe this simple, yet effective method for designing and processing magneto-
dielectric materials with different functionalities can have application in the construction of
various communication devices for flexible RF electronics.
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3. Sprayable Elastomeric Fiber Based Stretchable Conductors

Stretchable conductor research has expanded significantly due to interest in mechanically
deformable circuitry for use in flexible electronics. Such materials have applications in
stretchable displays,! solar cells,” field effect transistors,”! radio frequency antennas,' strain
and tactility sensors,” ® and epidermal electronics.”” ® Current approaches use assemblies of
conductive and elastomeric components to develop materials that maintain electrical properties
under strain. However, the mechanical properties of the conductive component introduce a
compromise between elasticity and electrical conductivity."!

State of the art stretchable conductors have been demonstrated using networks of
nanowires or nanotubes back-filled with elastomers,'*'*! polymer-nanoparticle composites,"> '
liquid metal filled microfluidic channels,' ' conductive networks on pre-strained or buckled
substrates,') and metallic fractal or microwire patterns on polymer substrates.” ' Metallic
nanowire and carbon nanotube based materials have shown mechanical and electrical robustness
under cyclic deformation.!'" ¥ However, when these systems reach high conductivities there is a
reduction in maximum tensile strain due to increased rigid filler content.!"> '™ Polymer-
nanoparticle composites have achieved enhanced mechanical elasticity in highly conductive
systems but have high percolation thresholds when nanoparticles are dispersed within the
polymer matrix."* Liquid metal-based elastic conductors compromise the overall material
strength due to the inherent mechanically poor nature of the conductive component. Metallic
patterns are able to maintain the bulk electrical properties of the conductive component under
strain, though there are defined limitations for the ultimate achievable strain values.”

Another important consideration in the development of elastic conductors is the ease of
fabrication and deposition of the material onto non-uniform substrates. This is especially
important for applications such as epidermal electronics'”! and smart textiles.'” Current
methodologies utilize complex lithographical methods,*” printing,'*'! or spray techniques,'® and
require subsequent transfer from a planar fabrication substrate to a non-uniform substrate of
interest. During this process, the resulting mechanical deformation causes degradation of the
electrical properties of the material.”” To our knowledge direct deposition of stretchable
conductors on non-uniform substrates has not yet been demonstrated.

Here we report a method to fabricate highly conductive strain-stable materials. This
fabrication process allows for conformal deposition on non-uniform substrates utilizing a
combination of solution blow spinning™ and atomizing. The resulting stretchable conductor
consists of an elastomeric fiber mat-silver nanoparticle composite. Initially, a fiber mat is blow
spun from a solution of poly(styrene-block-isoprene-block-styrene) (SIS) elastomer in
tetrahydrofuran (THF) (Figure 1). To establish conductivity, a silver precursor solution is applied
to a pre-spun mat and is nucleated into a network of silver nanoparticles, forming conductive
pathways. The resulting composite achieves a uniform conductivity of 2000 S/cm at zero applied
strain, with only a 12% increase in resistance after 400 cycles at 150% strain. The versatility of
this approach was demonstrated by constructing various electronic devices including a
stretchable light emitting diode (LED) circuit and a strain sensor on uniform and non-uniform
substrates.

We initially investigated the solution and deposition conditions that produce optimal fiber
networks. A network structure consisting of high aspect ratio cylindrical fibers is beneficial for
homogeneous nanoparticle distribution and conductive pathway formation. Microstructure
characterization revealed that a fiber network structure was achieved for SIS/THF solutions with
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a concentration of 20% (wt/vol) (Figure 2a). The average diameter of elastomeric fibers after
spinning was 1.66 mm. The fiber mats were swollen in silver nanoparticle precursor solution
containing various concentrations of silver trifluoroacetate (STFA) in ethanol. Through this
process the fiber diameter increased to an average of 3.28 mm and fiber-to-fiber contact was
enhanced, resulting in the formation of fiber bundles (Figure 2b). Hydrazine hydrate solution
was then used to reduce the silver ions in the precursor-swollen mats. Individual fiber diameter
decreased in comparison to the swollen state, however, bundles consisting of multiple fibers
persisted after nanoparticle nucleation (Figure 2¢). Transmission electron microscopy (TEM) of
the resulting silver nanoparticle-polymer fiber composite cross-section revealed that the
nanoparticles populate the outer surface (Figure 2c-inset). Upon stretching, fibers orient in the
direction of applied strain (Figure 2d). Fiber bundles were still present after stretching to 100%
strain for conductors fabricated with 25% (wt/vol) STFA solutions (Figure 2d-inset). This is in
contrast to composites fabricated with lower STFA solution concentrations, in which bundles
break up into individual fibers during stretching (Figure S1). This indicates that increased silver
nanoparticle content provides additional stability for already present fiber-to-fiber contacts.

The nanoparticle precursor solution concentration effect on conductivity was assessed by
measuring bulk conductivity of the polymer-nanoparticle composites (Figure 3a). Maximum
conductivity values (2000 S/cm) were achieved with a precursor concentration range between
25% and 35% (wt/vol). Fabrication of composites with 30% and 35% (wt/vol) STFA solutions
led to an increased variability in conductivity that can be attributed to fiber mat delamination
during nucleation. This is further reflected in elastic recovery experiments, where these materials
yielded before completing cycling up to 150% strain (Figure S3).

Electrical properties under cyclic strain were characterized for conductive composites.
Precursor concentration greatly influenced the strain dependence of electrical properties. The
normalized resistance (R/Rg) values of polymer-nanoparticle composites reach 1.85 at 150%
strain (10% (wt/vol) STFA) with appreciable hysteresis (Figure 3b). When STFA concentration
is increased to 25% (wt/vol) normalized resistance at 150% strain decreases to 1.06 with a
significant reduction in hysteresis after a single cycle (Figure 3b). This strain-stable electrical
behavior was additionally observed by a minimal resistance increase after 400 cycles at 150%
strain (R/R¢=1.13), a value that stabilized after the 300th cycle (Figure 3c,d). State of the art
stretchable elastic conductors with similar and higher bulk conductivity have not achieved
comparable stability of electrical properties under mechanical deformation ((R/Ry=10, s¢=2000
S/em, 150% strain),*¥ (R/R¢=4.6, s)=11000 S/cm, 110% strain),!"*! (R/Ro=7, $4=5200 S/cm,
140% strain)!'*).

We believe these unique electromechanical characteristics are majorly the result of bound
fiber-to-fiber connections, originating from silver nanoparticle reinforced fiber bundles (Figure
2c¢,d). Bound fiber-to-fiber connections are known to contribute significantly to mechanical
strength of elastomeric fiber mats.*> To investigate the influence of these structures on the
overall composite’s mechanical properties, energy dissipation (Figure 3f,S4) was calculated from
cyclic stress/strain curves (Figure 3e). This analysis revealed that dissipative losses at low strains
(below ~25% strain) stem from the rearrangement of unbound fibers. As strain values increase
(above ~25% strain) dissipative losses are compounded by the failure of bound fiber-to-fiber
junctions. This transition, the intersection between two distinct linear correlations relating energy
dissipation to strain (Figure 3f), is in agreement with the onset of both plastic deformation and
hysteresis in electrical properties (Figure 3b,c,e).
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A proof of concept device utilizing this approach on a non-uniform substrate was

demonstrated by depositing and patterning strain sensors on nitrile gloves. The elastomeric fiber
mat was first solution blow spun directly on a nitrile glove (Figure 4a). A solution pen (Paasche
F-1/32) with adjustable flow rate was then used to deposit a line of precursor solution (25%
(wt/vol)) along each finger. The patterned lines were then nucleated into silver nanoparticles,
thereby forming stretchable conductive lines corresponding to each finger. Resistance of each
conductive line was measured while performing multiple hand gestures, where normalized
resistance values corresponded to individual finger movements (Figure 4a).
The strain dependence of electrical properties was evaluated separately to identify the difference
between patterned stretchable conductors and bulk stretchable conductors (Figure S5).
Additionally, we constructed a basic circuit consisting of 2 LEDs connected with a stretchable
conductor prepared using 25% (wt/vol) STFA solution (Figure 4b). The illumination of both
LEDs remained stable while the conductive composite was stretched up to 150% strain (Figure
4b). Patternability and processability were demonstrated by using solution spray coating. A
shadow mask with a pattern of parallel lines was fabricated via micromachining and placed on a
stretchable fiber mat. Precursor solution (25% (wt/vol) STFA) was then applied with a bottom
feed airbrush. Silver nanoparticles were then nucleated to form defined lines with a thickness of
300 mm and a conductivity of 1260 S/cm (Figure 4c).

In summary, we have developed a method to deposit conformal stretchable conductive
fiber mats using solution blow spinning and metallic nanoparticle nucleation on non-uniform
substrates. The stretchable fiber mats were able to combine electrical conductivity values as high
as 2000 S/cm with R/Ry values as low as 1.13 after 400 cycles of 150% strain. The stable
electrical properties of these stretchable conductors potentially stem from robust conductive
pathways maintained through silver nanoparticle stabilized fiber-to-fiber contacts. To
demonstrate applicability of this method we employed stretchable conductors in simple devices
including strain sensors on nitrile gloves and stretchable electrodes connecting LEDs.

Experimental

Stretchable Conductor Fabrication: Solutions of poly(styrene-block-isoprene-block-styrene)
(SIS) (Sigma Aldrich, 22 wt% Styrene content) and tetrahydrofuran (THF) (Fisher Scientific,
99.9%) were prepared and fed with a constant feed rate (10 ml/hr) through the nozzle of the
solution blow spinning setup (Figure 1b). The air pressure was kept constant during the blow
spinning process at 50 psi. Elastomeric fibers were accumulated on a metal mesh. The resulting
polymer fiber construct was lifted from the metal mesh and immersed in a previously prepared
organometallic solution consisting of silver trifluoroacetate (STFA) (Sigma Aldrich, 98%) and
ethanol (Pharmco-Aaper, 99%) for 30 minutes, then dried in a vacuum desiccator. Silver
nanoparticle nucleation was initiated via drop-wise addition of reducing solution consisting of
hydrazine hydrate (50% (vol/vol)) (Sigma Aldrich, 50%-60%), deionized water (25% (vol/vol))
and ethanol (25% (vol/vol)). The resultant conductive fiber composite was washed thoroughly
with water to eliminate any unbound nanoparticles and dried overnight under vacuum.

Characterization: Scanning Electron Microscopy (SEM) (Hitachi SU-70) and Transmission
Electron Microscopy (TEM) (JEOL 2100F) were used to characterize the microstructure of the
polymer-nanoparticle composites. The TEM sample used for cross-section analysis was prepared
using a microtome (Leica EM UC-6). Fiber diameter is reported as an average of 50
measurements taken from three SEM images. A dynamic mechanical analyzer (TA Instruments
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Q800) and an Instron tensile tester (model 3345) were used to characterize the mechanical
properties of the stretchable conductors. The electrical conductivity of the stretchable conductor
samples were measured using a custom built automated 4-point probe measurement system
connected to a Keithey 2400 Sourcemeter. The normalized resistance measurements under
mechanical strain were performed using a high precision optical stage and an Ohmmeter
(Amprobe 33XR-A).

Device Fabrication and Patterning: The glove strain sensors were fabricated via fiber mat
deposition on a nitrile glove and subsequent nanoparticle nucleation. Once the glove was
completely covered with elastomeric fibers, lines were drawn on each finger using a flow-pen
(Paasche F-1/32) filled with STFA solution (25% (wt/vol)). The conductive lines were formed
after hydrazine hydrate solution was applied drop wise onto the STFA patterned lines. The strain
sensing measurements were performed using an Ohmmeter (Amprobe 33XR-A) attached to the
conductive lines on the glove with alligator clips. The conductive composite connecting the
LEDs was stretched using a precision optical stage, while being powered with a DC source
(Hewlett Packard E3630A) with constant voltage (5V). The parallel lines were patterned on
planar elastomeric fiber mats using spray deposition of 25% (wt/vol) STFA solution with a
bottom feed airbrush (40 psi air pressure, 20 ml/hr solution feed) through a micromachined
shadow mask and subsequently nucleated by spray deposition of hydrazine hydrate solution. The
patterned stretchable conductor was washed with water and dried under vacuum overnight prior
to characterization.
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Figure 1. a) Schematic illustration of SIS blow spun fiber network fabrication and images of
the as spun fiber network, fiber mat swollen with silver nanoparticle precursor solution,
and conductive polymer-nanoparticle composite after nanoparticle nucleation. b) Image of
the direct deposition of SIS fibers onto a gloved hand (nozzle used for solution blow

spinning-inset).
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Figure 2. a) SEM images of SIS blow spun fiber network, b) swollen with silver precursor
solution, ¢) conductive composite decorated with silver nanoparticles (Cross-section TEM image
of conductive SIS fibers-inset), d) conductive composite stretched to 100% strain (SEM image of
a fiber bundle under 100% strain-inset).
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Figure 3. a) Electrical conductivity of stretchable conductors as a function of STFA
concentration (n=5). b) Normalized resistance values as a function of uniaxial tensile strain for
various STFA concentrations. ¢,d) Normalized resistance values as a function of uniaxial tensile
strain and cycle number, e) stress/strain cycling curves, and f) energy dissipation and
corresponding linear fits of stretchable conductors fabricated with 25% (wt/vol) STFA solution
(n=3). Error bars represent standard deviation.

26



Figure 4. a) Images of hand gestures performed wearing a nitrile glove coated with
elastomeric fiber mat and patterned with conductive lines. Normalized resistance values
for conductive lines patterned on each finger numbered from 1 to 5. b) Images of LED
circuit operating under various strain conditions c) SEM image of parallel conductive lines
patterned using spray deposition.
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Figure S1. SEM images of conductive composites fabricated using 10% (wt/vol) STFA
solutions under a) 0% strain, b) 50% strain, and ¢) 100% strain. SEM images of conductive
composites fabricated using 25% (wt/vol) STFA solutions under a) 0% strain, b) 50% strain,
and c) 100% strain. Higher magnification SEM images of individual fibers for respective
conductive composites under different strain values are provided in the inset.

Figure S2. Fiber structure was irreversibly lost during the fabrication process for tri-block
copolymers with a styrene weight percentage lower than 22%. a) SEM image of solution
blow spun polymer network of low styrene content SIS (14 wt% Styrene) after being swollen
with 25% (wt/vol) STFA solution, showing loss of fiber morphology. b) SEM image of the
same polymer network after silver nanoparticle nucleation.
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Figure S3. Elastic recovery of SIS fiber mats and stretchable conductors fabricated from
different precursor concentrations after consecutive strain cycling to increasing maximum strain
values. (*) Indicates that 2 of 3 samples failed during that strain cycle for a specific experimental
group. (1) Indicates that all of the samples have failed. Conductive composites fabricated with
25% (wt/vol) STFA solutions have no statistically significant elastic recovery differences relative
to an SIS fiber mat control (0% (wt/vol STFA)) after cycling up to 150% strain. (n = 3) for all
groups, error bars represent standard deviation.
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Figure S4. Energy dissipation values of a) elastomeric fiber mats and conductive composites
fabricated with b) 10% (wt/vol), c) 15% (wt/vol), d) 20% (wt/vol) STFA solutions as calculated
from consecutive strain cycling to increasing maximum strain values. Lines represent linear fits
for two discrete regions of dissipative loss behavior originating from unbound and bound fiber
contacts. Increased silver content resulted in lower energy dissipation values, possibly due to
improved stabilization of bound fiber-to-fiber contacts. (n = 3) for all groups, error bars represent
standard deviation.
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Figure S5. Representative stress/strain curves for a) elastomeric fiber mats, b) conductive
composites fabricated with 25% (wt/vol) solutions. Representative normalized resistance values of
a) bulk and b) line patterns of conductive composites fabricated with 25% (wt/vol) STFA solutions.

The bulk conductors failed between 370% and 400% strain, remaining conductive until mechanical
failure.
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