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There is widespread interest in new materials-based approaches for introducing flexibility to
electromagnetic devices, such as displays, human—machine interfaces, smart textiles, and biomedical
implants. From fabrication to application, incorporating ceramic components is particularly challenging
due to their extreme stiffness. Here, we introduce a new approach for designing flexible ceramic films
and demonstrate it by fabricating fully dense, pre-wrinkled magnetic cobalt ferrite films composed of
tiled nanoplatelets. The method relies on the colloidal engineering of metalized graphene nanosheets,
which are cast and compressed into wrinkled composite films with accurate control of composition and
morphology. Removal of the graphene template by thermal oxidation yields free-standing cobalt ferrite
films that can be stretched up to 200% and bent to radii of 2.5 mm while maintaining their magnetic
properties. Magnetization retention of 73% is documented after 150% linear mechanical stretching over

100 cycles. The significant stretchability and flexibility in this hard magnetic material is achieved at near
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Introduction

Flexible and stretchable devices are becoming essential
components in next-generation technologies that include elec-
tronic displays, soft robotics, electronic skins, smart textiles,
batteries and supercapacitors for energy storage, and functional
biomedical implants.'* Imparting flexibility and stretchability
often pose significant materials science challenges and most
approaches often fall in one of two classes: compositional
design and structural design. Compositional design involves
replacing rigid material components with flexible alternatives,
such as conductive polymers, carbon nanotubes, and graphene-
based materials.>” In contrast, the structural design approach
retains the traditional focus on hard material components but
manipulates their physical form and structure to allow device
deformation, for example through thickness reduction (e.g. Ag
nanowires, nanoribbons, flexible hard metal magnetic films),
engineered wavy structures (e.g. buckled Si films) or open mesh
geometries such as patterned arrays of metallic interconnects.>®
Some functional materials, however, cannot be simply replaced
or effectively re-shaped, and ceramics components are often
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particularly challenging due to extreme stiffness and
brittleness.

Ceramic materials that serve as semiconductors (In,03/ZnO,
SiC), insulators (SizN,), catalysts (Al,O3;, Fe,O;) or magnetic
nanoparticles (CoFe,0,4) can be essential in emerging devices*®
Ceramics, however, typically fracture at low strain (typically 0.1-
0.2%), which can pose a significant challenge for engineering
flexibility and stretchability.'®** For this reason, most ceramic
components are incorporated in devices as nano/micro-scale
dispersed phases encapsulated in soft matrices and or inte-
grated through stretchable interconnects that accommodate the
primary stress during deformation.”** The use of the flexible
matrix results in lower loading of active material and dimin-
ished device performance and/or challenges in processing and
the potential for interfacial failure.***”

Here we propose and evaluate a concept for structural design
of flexible and stretchable magnetic ceramic metal oxide films
that do not involve an elastomeric matrix yet express full density
of the inorganic active component. The concept is based on our
previous work creating 1D, 2D and hierarchical wrinkle topog-
raphies in graphene-based films,'® and using them as sacrificial
templates to self-assemble wrinkled films of other inorganic
compositions.* In this method, hybrid metal-graphene oxide
(GO) nanosheets are colloidally engineered into stable inks that
can be written onto substrates to form GO nanosheet films with
high densities of metal ions confined in the 2D gallery spaces.
In-plane compression of these metallized graphene films
produces wrinkles, crumples or complex architectures that

can be calcined to oxidize graphene and assemble tiled metal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxide films that retain the wrinkled microtexture. In the present
study, we synthesized pre-wrinkled films of cobalt ferrite
(CoFe,0,) - a ferrimagnetic ceramic - and characterized their
flexibility, stretchability, and magnetic properties, as well as the
stability of those magnetic properties during multiple flex/
stretch cycles.

Experimental

Materials

Ethanol, iron(m) nitrate nonahydrate (Fe(NO3);-9H,0), cobal-
t(u) nitrate hexahydrate (Co(NO;),-6H,0), anhydrous acetone
and methylene chloride were purchased from Sigma-Aldrich.
GO was synthesized by a modified Hummers' method as re-
ported before.*® Thermally responsive polystyrene heat shrink
films were purchased from Grafix. Polydimethylsiloxane
(PDMS) was made from a SYLGARD 184 silicone elastomer Kkit.
All water was deionized (18.2 MQ, milli-Q pore). All reagents
were used as received without further purification.

Procedures

Fabrication of wrinkled GO films. The as-synthesized GO
nanosheets had nominal lateral sizes ~1 pum and thickness
values ~1 nm based on SEM and AFM data shown in Fig. S1.t
The GO suspensions used for colloidal phase measurement and
film casting had a solid loading of 1 mg mL "', with a C/O
atomic ratio of ~2.1.*** Potential GO impurities such as N, S,
Mn, K, Cl, and P were not detected by XPS. The polystyrene
shrink film was cut into 1.5 x 4.0 cm” rectangles and washed
with ethanol. Once dry, they were treated in an air plasma using
a Deiner Atto standard plasma system with a borosilicate glass
chamber and a 13.56 MHz, 0-50 W generator. The chamber
pressure was pumped down to and maintained at 0.13 mbar
while flushing with air for 5 min. Plasma was then generated at
100% power (50 W) for 15 min followed by slow venting of the
chamber. 300 pL of GO 1 mg mL ™" suspension was drop cast
onto each 1.5 x 4.0 cm? polystyrene substrate. After 60 °C oven
drying, two opposing sides of each polystyrene substrate were
clamped to prevent contraction along one axis. The GO coated
polystyrene substrates were then put in 130 °C oven for 6 min to
achieve uniaxial contraction along the other axis.

Fabrication of SMOFs (stretchable metal oxide films). GO
aqueous suspensions (1 mg mL ') were well mixed with 4 mM
Fe(NO3); and 2 mM Co(NOj3), aqueous solutions. 300 pL of the
mixture was drop cast onto 1.5 x 4.0 cm” plasma treated poly-
styrene substrate. After 60 °C oven drying, the samples were
dried and heated to activate shrinkage as described above. The
samples were then immersed in methylene chloride to fully
dissolve the polystyrene substrate and washed with acetone.
The resulting free-standing GO-Fe(in)/Co(u) wrinkled films were
carefully collected from the acetone. Dried GO-Fe(u)/Co(u)
wrinkled films were calcined at 600 °C in air for 2 h to obtain
SMOFs.

Preparation of SMOFs attached to PDMS substrates. PDMS
was made from a SYLGARD 184 silicone elastomer kit. It is
composed of a base/curing agent to be manually mixed in
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a 10 : 1 weight ratio (base to curing agent). Here 1.75 g of the
base/curing agent mixture was poured into an aluminum dish
under vacuum for 15 minutes, then placed in a 60 °C oven for 14
minutes. When the PDMS was partially cured to a gel phase,
a SMOF was gently placed on the surface of PDMS. The highly
viscous PDMS gel conformally deformed along and supported
the wrinkles of SMOF. The mixture was put back into 60 °C oven
for another 20 minutes to stabilize the adhesion of PDMS and
prevent the immersion of SMOF.

Stretching/bending deformation of SMOFs. Stretching
behavior was characterized by pulling the PDMS-supported
SMOFs along the wrinkling direction (perpendicular to the
ridge lines) to pre-selected strain values and then clamping on
a metal plate with calibration lines. The plate was placed in
a 130 °C oven to further harden the PDMS and “freeze” the
strain prior to characterization of the deformed film (see below).
Bending behavior was characterized by wrapping the PDMS/
SMOFs composite around aluminum columns of selected
diameter, then placing in a 130 °C oven to harden the PDMS
and “freeze” in the deformation prior to structural character-
ization (below).

Material and film characterization. The surface morphol-
ogies of GO and SMOFs were investigated using a field emission
SEM (LEO 1530 VP) operating at 10.0 kV for imaging. Before
SEM imaging, all samples were coated with a layer of AuPd (<1
nm). Surface morphology and thickness of GO nanosheets were
also characterized by AFM (Asylum MFP-3D Origin) operating in
alternating contact mode. TEM and SAED were performed using
a JEOL 2100F TEM/STEM at an acceleration voltage of 200 kV,
equipped with an energy dispersive X-ray spectrometer for
elemental analysis. All samples were suspended in ethanol for
30 min of sonication, then dropped on lacey carbon grids for
observation. TGA were carried out on a METTLER TOLEDO
TGA/DSC 1 STARe system, with heating rate of 10 °C min ™", air
flow of 80 mL min~', and sample mass of ~1 mg. The compo-
sitions and phases of as-prepared metal oxide products were
identified by XRD on a Bruker D8 Discovery 2D X-ray Diffrac-
tometer with Cu Ko radiation (A = 1.5418 A). Magnetic
measurements were carried out using a Quantum Design®
Physical Property Measurement System (PPMS).

Results and discussion

Fig. 1a illustrates the fabrication route for SMOF adapted from
our previously reported method." Briefly, a GO-Fe(u1)/Co(u)
solution/suspension is drop cast onto thermally responsive
polystyrene substrates. Heating actuates substrate contraction,
and the resulting compression and periodic folding of the top
film is restricted to one dimension by physical fixation of the
substrate on two opposing ends. The wrinkled GO-Fe(u1)/Co(1)
coating is then calcined under 600 °C to remove the graphene
template and release a free standing SMOF. Note that the GO
nanosheets are used as sacrificial templates to create arrays of
ultrathin 2D reaction chambers, but are not retained in the final
product. The encapsulated metal ions originally confined in the
2D gallery spaces are converted to continuous tiled poly-
crystalline ceramic films by a self-assembly process that
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Fig. 1 Detailed fabrication process for stretchable metal oxide wrin-
kled films (SMOFs). (a) SMOFs fabricated by conformal coating and
uniaxial contraction of GO-Fe(n)/Co(i) suspension on polystyrene
substrate. Heating above glass transition temperature (T4 ~ 100 °C)
triggers polymer relaxation to produce wrinkled textures. The film is
calcined at 600 °C to oxidatively remove graphene and convert metal
ions to a tiled metal oxide polycrystalline film. (b) Sketch of conversion
of GO-Fe(m)/Co(i) suspension to CoFe,O4 film with tessellation
structure.

replicates the original graphene textures at high fidelity
(Fig. 1b). X-ray diffraction (XRD) shows a single phase of
Co,FeO, (Fig. S2t). Thermogravimetric analysis (TGA) reveals
the sequence of chemical events as the composite is heated,
which begin with metal salt decomposition, then GO to reduced
GO thermal conversion (partially overlapping with salt decom-
position), and then a late removal of the graphene-like reduced
GO through O, reaction above 450 °C (Fig. S31).

Detailed morphologies of the SMOFs are shown in Fig. 2. In
the free standing state, SMOFs exhibit the dark brown color of
Co,FeO, (Fig. 2a). On the microscale, SMOFs replicate the
characteristic GO wrinkle texture - continuous out-of-plane
undulations - in a unidirectional pattern with wavelength of
~5 um (Fig. 2 and S4%). Fig. 2b and ¢ show an example cross-
section of SMOFs, which contains ~3 layers with each layer
having a thickness ~30 nm. The multi-layer structure of the
SMOF likely arises from the layered structure of the GO

Stretchable Metal Oxide Films
(SMOFs)

Fig. 2 Morphologies of SMOFs. (a) Optical photo of a free-standing
SMOF. Scale bar, 0.4 cm. (b) Cross-section of SMOF. From the side
view, SMOF exhibits undulate structures, with a film thickness of
~150 nm. Scale bar, 5 um. (c) Enlarged side view of SMOF, exhibiting
layered structure with single layer thickness ~30 nm. Scale bar,
200 nm. (d) Top view of SMOF, with multiple layers exposed on edge
(white arrows). Each layer is constructed of tessellated nanoplatelets
with lateral size ~150 nm. Scale bar, 200 nm. The primary crystal
orientation of the nanoplatelets is [011].
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template though the SMOF shows much smaller layer number
indicating Z-directional consolidation during the complex
decomposition and assembly process. The surfaces of the SMOF
show tessellated nanoplatelets ~150 nm in lateral size,
arranged as in a mathematical tessellation (Fig. 2d). The
constituent nanoplatelets are not isotropic nanoparticles, but
have plate-like geometries and smooth top surfaces that reflect
2D crystal growth. From Fig. S5t we can see the primary crystal
growth direction of the Co,FeO, nanoplatelets is [011].

Fig. 3a shows the stretching behavior of the stretchable
metal oxide films. We used a similar technique to our previous
work on pure GO,* in which crumpled GO films were attached
to an elastomeric substrate and expanded to 1500% areal strain
for 500 cycles. Here SMOFs were attached to the top of PDMS
substrates and slowly stretched to strains of 50, 100, 150 and
200%. We observed no obvious cracks at or below 100% strain,
which is remarkable since cobalt ferrite has no significant
intrinsic elasticity on this scale. Micro cracks initiated on the
ridges at 150% strain, then propagated at 200% (Fig. 3b). The
wavelengths of wrinkles in samples increased from 5 (at 0%
strain) to 10 (at 50%), 15 (at 100%), 25 (at 150%) and 35 um (at
200% strain). In the simple case where all N wrinkles are
preserved, the wavelength is ~L/N (L as the total length) and
should grow proportionally to L during stretching. The faster
increase in wavelength observed in the present data may be
explained by the heterogeneous nature of the wrinkles and the
disappearance of secondary wrinkles at high strain leading to
local doubling. The height of SMOF decreased from ~6 pm to
150 nm (the thickness of planar metal oxide film) at 150%
strain. We used a vibrating-sample magnetometer (VSM) to
probe the magnetic properties of the films and their stress
coupling (Fig. 3c). The saturation magnetization (M) and
remnant magnetization (M;) of SMOF along the x-axis (parallel
to the wrinkles) are ~50 and 15 emu per g, and remain stable
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Fig. 3 Stretchability: morphology and magnetic properties of SMOFs
under tensile strain. (a) Surface morphologies of SMOFs at observed
strains of 0-200%, magnified images are shown in bottom row. Scale
bar, 20 um (top row), 2 um (bottom row). (b) Illustration of the bending
process of SMOF. (c) Magnetic properties of SMOFs as a function of
unidirectional strain along x- and y-axis.
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under strains up to 200% at room temperature. The Mg along
the y-axis (perpendicular to the wrinkles) shows a 10% increase
at 150% strain, which may be caused by the restoration of the
shape anisotropy in the SMOF. The M, along x- or y-axis shows
insignificant change during stretching (Fig. S6a and bt). No
scaling of nanocrystals was observed upon stretching, and
therefore, SMOF shows high stretchability and stable magnetic
properties.

The flexibility of SMOFs was studied by again adhering the
films on PDMS substrates and now wrapping the composite
around aluminum columns with radii of 10.0, 5.0 and 2.5 mm.
Fig. 4a shows that bending had little effect on SMOF surface
morphologies, and SEM images revealed no cracks appearing as
a result of the bend deformation. Over one wrinkle wavelength,
the angle caused by bending is quite small (3 x 1072, 6 x 10>
or 0.1 degrees, at bending radii of 10.0, 5.0 or 2.5 mm)
comparing with the local deformation angles built into the
wrinkles (~6 x 10 degrees). The high density of wrinkles on
curved surfaces mitigates the stress concentration. Therefore,
the microstructure of SMOF facilitates its adaptation to
different types of macroscale mechanical deformation. The
magnetic behaviors of SMOFs remain quite stable under
bending strain (Fig. 4b and c). The M; of SMOF is ~30 emu per g
irrespective of bending strain. The M, along x-axis also remains
stable during bending (Fig. Séct).

Fig. 5a and b shows the temperature dependence of SMOF
magnetic properties. Increasing temperature from 200 to 380 K,
causes a slight decrease in M from 52 to 44 emu per g, which is
consistent with a previous report that the Curie temperature, 7.
~ 800 K in Co,Fe0,.* The coercive field, H., is strongly
dependent on temperature, decreasing 10 fold from 0.268 to
0.0265 T as temperature rises from 200 to 380 K. Both coercivity
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Fig.4 Flexibility: morphology and magnetic properties of SMOF under
bending strain. (a) Surface morphologies of SMOF under bend radii
(infinity (planar), 10, 5 and 2.5 mm), magnified images are shown in
bottom row. Scale bar, 20 pm (top row), 2 pm (bottom row). (b)
Illustration of the bending process of SMOF. (c) Magnetic properties of
SMOF at different bend radii along x-axis.
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Fig. 5 Temperature dependence, shape anisotropy and mechanical
fatigue effects on magnetic behavior of SMOF. (a) The hysteresis loop
of SMOF at different temperatures ranging from 200 to 380 K. (b)
Temperature dependence of saturation magnetization of SMOF. (c)
Magnetization of SMOF along the x (parallel to wrinkles), y (perpen-
dicular to wrinkles) and z directions. (d) Magnetization of SMOF before
and after 100 cycles of stretching and relaxing between 0% and 150%
strain. (e) Schematic of reversible stretching of a SMOF.

and remnant magnetization decrease with increasing temper-
ature, indicating a decrease in anisotropy along the x-axis
(parallel to wrinkles) due to the thermal energy. The directional
dependence of the hysteresis was measured along the x-axis
(parallel to wrinkles), y-axis (perpendicular to wrinkles) and z-
axis (perpendicular to the film plane). The M vs. H relationships
are similar along the three axes (Fig. 5¢) but M, is 20% larger
along the x-axis than the y- and z-axes. In general, a random
distribution of the magnetocrystalline anisotropy in each
nanoplatelet leads to similar behavior along the x- and y-axes
(both are stronger than z-axes).”* The wavy topography of the
wrinkled films provides an undulate surface along the y-axes,
which disturbs the shape anisotropy in the SMOF and results in
slightly decreased M,. Finally, a mechanical fatigue test was
conducted by stretching a SMOF to 150% strain over 100 times.
Comparison of magnetization is shown in Fig. 5d and e, the M,
decreased to 73% of original after fatigue.

Overall, the key concept in this study is to fabricate a fully
dense, geometrically stretchable metal oxide film, in a simple
templating method, to produce wrinkled ceramic magnetic
film. The technique accomplishes a densely packed nanocrystal
tessellation with outstanding mechanical behaviors. The stable
magnetic performance of SMOFs during stretching or bending
is promising in stretchability-oriented applications.>**>¢
However, potential correlation between mechanical strain and
magnetic properties may be expected through future investi-
gation including tuning of wrinkling wavelength, surface
roughness or size/orientation of nanocrystals.>*”

Conclusions

Here we synthesized and characterized a stretchable, flexible,
magnetic CoFe,0, film without the use of polymer matrices by
a 2D self-assembly method using textured graphene templating.
The final films achieve high stretchability (200% strain) and

Nanoscale Adv., 2021, 3, 800-804 | 803
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flexibility (2.5 mm bending radius) while maintaining stable
magnetic performance. The synthesis approach uses simple,
scalable aqueous film casting technique and may be extendable
to other hard magnetic materials. This work demonstrates
a new and alternative approach for incorporating brittle
ceramic components in flexible or stretchable devices being
currently developed for wearable, implantable, skin-mounted,
or hand-held technologies.
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