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Integrating conductive fillers into polymer matrices is critical for producing highly
flexible and lightweight conductive materials for applications in sensing, tissue
engineering, and energy storage/conversion. This work provides a straightforward
template for producing the desired easy-to-process, printable, wearable
conductive materials by identification of the inkability of bijels. Performance-
related properties can be tuned through changing the porosity and filler loading.
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Morphology map-guided identification of bijel ink
for producing conductive porous structures

Yifei Wang,' Ciera Cipriani," Chia-Min Hsieh,? Huaixuan Cao,* Anubhav Sarmah,® Kai-Wei Liu,*
Zeyi Tan," Micah J. Green,® Miladin Radovic," Peiran Wei,>¢* and Emily B. Pentzer!?*

SUMMARY

Manufacturing of composites consisting of polymers and electrically
conductive fillers is critical for producing wearable conductive mate-
rials. Here, we demonstrate the direct ink writing of bijels composed
of bicontinuous water and resin phases stabilized by graphene oxide
(GO) to fabricate wearable electrically conductive foams with excel-
lent tensile performance. A morphology map was established to
illustrate emulsion morphology and ink printability. After printing,
conductive foams were readily obtained by resin curing, GO reduc-
tion, and water removal. The bijel ink can be printed and processed
on different fabrics with excellent adhesion, and the obtained struc-
tures present an exceptionally rapid heating response to radio fre-
quency; with only 4.0 wt % loading of nanosheets, temperature
increased by 215.4°C in 1.0 s, outperforming previously reported
particle/polymer composites. This work provides a roadmap for
developing phase behaviors for fluid-fluid systems stabilized by
nanoparticles, including printable bijels, and enables the 3D print-
ing of wearable, porous, conductive materials without complicated
pre/post-processing.

INTRODUCTION

Wearable conductive polymer composites have attracted increased attention
because of their promising applications in sensing,’? energy transport/storage,’
biomedicine,” and so on.”® These composites are generally composed of an elastic
polymer matrix and conductive filler.” The elastic matrix imparts high flexibility,
which enables the material to recover its original shape after deformation, in contrast
to the lack of recovery observed in conductive pure inorganic materials (e.g., metals,
carbon nanotubes).? To further make materials wearable, researchers have recently
focused on lowering the density of the structures to make them ultralight. This is
accomplished using alternatives to metal-based fillers and/or introducing porosity
into polymeric composite structures.”'? In such systems, carbon-based fillers are
of particular interest for their excellent electrical properties,’""'? chemical stability, '
and noncorrosive nature,'* which make them suitable for a variety of application
spaces. Current methods to fabricate conductive composites/foams generally
involve freeze-drying,'® acid etching, '® templated foaming, '° or other harsh proced-
ures. For example, Ge et al.'® designed a porous sponge of reduced-graphene ox-
ide/polyaniline for flexible pressure sensing and used this to detect human motion
(e.g., squatting and rising); this system required freeze-drying to maintain the
morphology of the prepared composite. As another example, Chen et al.'®
duced a composite structure of MWCNT (multi-walled carbon nanotube)/PS (poly-

styrene)/PMMA (poly[methyl methacrylate]) from a two-step melt blending process

pro-
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PROGRESS AND POTENTIAL

Traditional methods for
producing conductive porous
polymer composites often rely on
sacrificial filler removal or
templated foaming together with
complicated, time-consuming, or
environmentally unfriendly pre/
post-processing. This research
introduces a pioneering approach
to create printable,
interconnected biphasic inks,
streamlining the production of
robust, highly porous foams
without the need of sacrificial
fillers, foaming agents, and harsh
processing procedures. This study
not only provides a new roadmap
in leveraging fluid-fluid phase
behaviors and 2D particle
stabilizers for next-generation
flexible conductors but also offers
an efficient and scalable
technique for producing wearable
structures with tunable porosity,
superior tensile performance, and
electrical conductivity at low
conductive filler loading.
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at 200°C, followed by CO, foaming; the obtained porous structure could be applied
to shielding of electromagnetic (EM) waves. The techniques used to produce these
structures are optimized for individual materials and can be complicated/time
consuming, energy intensive, poorly scaled, and dangerous and not suitable for
rapid prototyping.Additive manufacturing and 3D printing are efficient techniques
to produce targeted geometric designs and have been widely used for fabricating
complex structures, including porous objects and those that are conductive.'’~?°
Among the 3D printing techniques, direct ink writing (DIW) has garnered increasing
attention because it can be performed at ambient temperature, and feedstocks
(inks) with tunable composition can be readily prooluceol.”'zw'22 Inks for DIW must
possess appropriate rheological behavior to be successfully extruded from the print-
ing nozzle and maintain the shape after printing (e.g., shear thinning and thixo-
tropic);?*> " further, the printed objects are commonly cured through solvent evap-
oration or chemical cross-linking to produce solid structures.?*® Porous objects can
be prepared by DIW, most commonly when sacrificial components (e.g., particles or
droplets) are used as fillers in the ink.'®?"*” For example, our group previously
formulated inks with carbon black, nanoclay, and thermoplastic polyurethane
(TPU), which were printable by DIW; a porous, elastic conductive composite was
prepared by removal of the clay with hydrofluoric acid and freeze drying."® Alterna-
tively, emulsion-based inks can give porous objects upon removal of the solvents
under relatively mild conditions, such as eva|oora‘cion.28'3W While promising, emul-
sion-based inks for DIW have, to date, produced mainly closed-cell foams, and
composition of the structures produced is dictated by rheological behavior of the
ink (e.g., filler and matrix compatibility, filler size, and vol % loading percentage),
and thus concentrated emulsions and high internal phase emulsions (HIPEs) are
most commonly used. For example, Sommer et al.”® used concentrated decane-
in-water emulsions stabilized by chitosan-modified silica particles as inks for DIW;
after printing, solvent was evaporated, and the printed skeleton was cured by
cross-linking of chitosan in glutaraldehyde solution vapor for 2 days. In addition to
closed-cell foams, such approaches to printing open-pore foams from emul-
3273% can be accessed. For instance, Minas et al.”® prepared open-pore foams
through octane-in-water emulsions stabilized by modified alumina and poly(vinyl

sions

alcohol), where the emulsion can be printed and dried at ambient temperature to
achieve the porous structures. However, in these cases, thin polymer films may still
exist between neighboring pores,®® which may restrict interconnection-related per-
formance (e.g., transport).”® DIW additive manufacturing offers the possibility of
tuning materials properties with the synergy of the macroscale geometry afforded
by printing and the microscale porosity afforded by ink formulation while also inte-
grating the functional properties of ink components (e.g., conductivity, catalytic
activity, etc.). To realize such progress and, for example, produce low-density
conductive structures relevant for various applications, significant advances in ink
formulation and production are required.

In the present work, we provide a method to develop biphasic inks for DIW by con-
structing a morphology map composed of two fluids (water and photocurable resin)
and 2D particle stabilizers (graphene oxide nanosheets). The morphology of the
biphasic system (e.g., emulsion, concentrated emulsion, or bicontinuous emulsion)
is established by optical and confocal fluorescence microscopy. By systematically
evaluating the phase behaviors based on composition, we establish printability of
inks and morphology and performance-related properties of printed structures. Suc-
cessful inks can be extruded from a nozzle and maintain their shape, with appro-
priate rheological properties confirmed by rheometry. After printing, the resin phase
is cured (i.e., cross-linked) using UV light to impart excellent elasticity; then the
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Figure 1. Scheme illustrating the design of the morphology map of inks composed of graphene
oxide (GO), water, and photocurable resin

The map demonstrates different fluid-fluid phase behaviors and dictates the optimized
composition of the bijel ink for direct ink writing (DIW) printing. 3D printing of the bijel ink can
produce wearable conductive porous structures with excellent RF heating response.

nanosheets are chemically reduced, and water is removed by evaporation. We
demonstrate that electrical conductivity and tensile performance are dependent
on composition. Bicontinuous emulsion (i.e., bijel) inks are produced when the
resin/water mass ratio is at 1.4-1.5 with 4.0-6.7 wt % nanosheets or at 2.2-2.3
with 2.5-4.3 wt % nanosheets. These inks can be used to fabricate high-surface-
area, low-density, conductive, highly interconnected porous structures that can be
freestanding or printed onto different clothing materials with good adhesion. These
structures exhibit an exceptionally rapid heating response to radio frequency at
reduced particle loading and input power, outperforming similar compositions pre-
pared through traditional methods.?’~*? These results highlight the critical impor-
tance of the bijel structure, which guarantees highly interconnected void domains
and excellent conductive filler percolation that traditional emulsions cannot give.
Importantly, we demonstrate that other nanosheet surfactants, specifically transition
metal carbides (Ti3C,T, MXenes), can be used in partial replacement of the gra-
phene oxide (GO) nanosheets to access the same morphology map and produce
composite structures. This work provides a new roadmap in structure-processing-
property relationships of 3D-printed porous polymer composites (Figure 1), which
not only provides a facile and scalable method for fabricating ultralight wearable
conductive structures with excellent properties but also opens a new horizon of
wearable conductive materials with tunable porosity, excellent tensile properties,
and electrical conductivity at low nanofiller loading.

RESULTS AND DISCUSSION

We use GO nanosheets as 2D particle stabilizers to establish fluid-fluid phase
behaviors of viscous systems, specifically water/photocurable resin mixtures.
GO nanosheets are comprised of a 2D honeycomb carbon skeleton with carbon-
carbon double bonds and oxygen-containing functional groups, with properties
such as conductivity dictated by the extent of oxidation.””*" Thus, the
nanosheets have an affinity to non-polar and polar phases, such as the oil-water
interface, and they can be employed as particle stabilizers for Pickering emul-
sions.””*? Indeed, the interfacial activity of GO is well established, and our previ-
ous work demonstrated that GO stabilizes emulsions of fluids with low viscosity
(e.g., toluene in water)** and emulsions prepared from relatively high-viscosity lig-
uids (e.g., ionic liquid-containing emulsions).*>*¢ Of note, concentrated aqueous
dispersions of GO are non-Newtonian and can help with modifying the rheological
behavior of a Newtonian fluid (e.g., resin) to impart non-Newtonian behavior: the
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Figure 2. Morphology map composed of GO, water, and resin

Phase behavior is identified with different colors: water-in-resin emulsion (W/R[E], red), combination of water-in-resin emulsion and bijel (W/R[E]+[B],
blue), bijel ([B], yellow), resin-in-water condensed emulsion (R/W[CE], green), and resin-in-water emulsion (R/W[E], magenta). Scale bars, 50 pm. Points
along longitudinal lines have the same water content (wt %, lines A-H), and points along lateral lines have the same GO/water concentration (lines u-y).

low-dimensional particles enable elastic deformation of the solution mixture in
response to external applied stress (e.g., particle-particle interactions).”’” In the
system described below, GO nanosheets serve multiple purposes: particle surfac-
tant, rheological modifier, and precursor to electrically conductive nanosheets
(e.g., upon chemical reduction).

Morphology map construction

A morphology map composed of different mass ratios of water/resin/GO was con-
structed to identify the impact of composition on the printability, morphology,
and conductivity of the resulting structures (Figure 2). A low-cost commercially
available resin (Formlabs Elastic 50A resin) with photo-curability suitable for DIW
layer-by-layer UV curing was selected. For experimental convenience, GO/water dis-
persions with concentrations ranging from 20-100 mg/mL at 20-mg/mL intervals
were prepared (higher concentrations are inaccessible because GO precipitates).
The system mass was held constant at 1,000 mg, and water mass ranged from
100-800 mg at 100-mg intervals. The nanosheet mass and resin mass were selected
accordingly, and 40 sample compositions were used, as shown in Table S1. These
compositions reside within the area of an obtuse triangle on a full morphology
map (Figure S1), which is used to describe the system in the following discussion.
All samples were prepared by first preparing aqueous dispersions of GO nanosheets
and then adding the appropriate amount of resin and agitating the mixture using a
planetary mixer (2,000 rom for 1 min). Optical microscopy and confocal fluorescence
microscopy were used to identify the microstructures of different compositions
(samples) in this morphology map. The images obtained by optical microscopy
shown in Figure S2 illustrate the microstructures. Confocal fluorescence microscopy
imaging gives better-quality images (e.g., more easily distinguishable; Figure S3)
because the resin itself is fluorescent.
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A morphology map can be constructed, with different microstructure areas identi-
fied using optical and confocal microscopies. As shown in Figure 2, for samples
from line A to line H, increasing the ratio of water/resin leads to the fluid-fluid micro-
structure changing from a water-in-resin emulsion (W/R[E]) to a resin-in-water emul-
sion (R/WIE]), with bijel and emulsion combination (W/R[E]+[B]), pure bijel ([B]), and
condensed resin-in-water emulsion (R/W[CE]) behaviors transitioning between the
highest ratios. We attribute the formation of W/R[E] (Figure 2, red dots) to the large
volume difference between the resin and water phases, with the resin being the
dominant phase, with the R/W[E] forming for a similar reason (Figure 2, magenta
dots). When the resin/water mass ratio decreased below 1.0, R/W[CE] structures
were observed (Figure 2, green dots). Of note, increasing the loading of GO is ex-
pected to increase the interfacial area of the system. As for the middle part of the
morphology map, bijel structures form when the resin/water mass ratio is 1.4-1.5
or 2.2-2.3, where the water and resin phases are discrete from each other but en-
tangled in a continuous tortuous pattern (Figure 2, yellow dots). In this region, the
volume difference between the resin and water phases is small, while the GO con-
centrationis high (i.e., there are more nanosheets in the system than needed). There-
fore, forming an interpenetrated bicontinuous structure with a high interfacial area
can harness more GO nanosheets and lower the overall free energy of the system
in comparison with forming a general emulsion at the same water/resin ratio. In addi-
tion, during the shearing process, the high viscosity of the system and its viscoelastic
solid-like behavior can kinetically trap the bicontinuous morphology, increasing the
likelihood of maintaining jammed structures and preventing the rupture/collapse of
the continuous domains.*®*” In the combination of bijel and emulsion, a microstruc-
ture similar to the pure bijel is observed, but there are regions in which the water and
resin phases are not always co-continuous (compare Figure S3, sample 10 and sam-
ples 11 and 12).

Regardless of GO concentration, similar trends in emulsion structure are observed,
indicating that the structures formed are dominated by the resin/water ratio (Fig-
ure 2, compare line u with lines v—y). However, for different GO/water concentrations
at the same resin/water ratios, although the microstructures are similar, the features
vary (domain size, sphericity of emulsion droplets). For instance, comparing R/W[E]
prepared from different GO concentrations, sample 6 shows emulsion droplets with
good sphericity, while samples 14, 22, 30, and 38 are oblong (Figure 2, line F). This
may be due to different viscosities of the samples derived from different GO load-
ings, where the resin droplets are unable to rely on interfacial tension to achieve a
spherical morphology in more viscous system because of the high yield stress of
the system.

Inkability map

With the morphology map and an understanding of fluid-fluid phase behaviors, we
then identified the compositions that can serve as DIW feedstock to produce elec-
trically conductive structures. An ideal ink for DIW should be easily extruded from
the printing nozzle, quickly recover to its original viscosity after extrusion, and
hold its shape upon curing. This requires the ink to be shear thinning, where the
ink viscosity decreases as shear rate increases, and the ink should show a yield stress,
described by a crossover point of the storage and loss moduli. Furthermore, to have
suitable rheological properties for DIW, the ink viscosity should change rapidly with
the shear rate and recover to its original value as the shear is removed.’®>" The
extruded ink should be readily cured to maintain its structure, without delamination
from neighboring printed filaments. In the GO-containing inks, the cured objects
should be stable to the aqueous reduction of GO, and the reduced GO (rGO) should
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Figure 3. Inkability characterization of different compositions

Taking sample points from morphology map, line x, as an example.

(A) Average viscosity of ink as a function of shear rate (samples 25-32).

(B) Storage modulus (G, solid lines) and loss modulus (G”, dashed lines) as a function of oscillation
stress (samples 25-32).

(C) Three-interval thixotropy test (samples 25-28). Inset: a manually stacked, magnified image.
(D) Conductivity calculated from four-point probe measurements. Error bars indicate standard
deviation (n = 3).

maintain enough percolation through a filament and between filaments to ensure
good electrical conductivity. These aspects, which we term “inkability,” are all
required for successful printing of conductive porous material and thus encourage
an inkability map to be produced.

Viscosity test results for all sample formulations can be found in Figures 3A and
S4-S6. The as-received photocurable resin is a Newtonian fluid, where the viscosity
does not change with shear rate. However, when GO/water dispersion was intro-
duced into the ink, all formulations along the morphology map were found to
possess shear-thinning behavior (viscosity decreased with increased shear rate),
demonstrating potential for 3D printing. For low GO loadings, no notable differ-
ences in viscosity between samples are observed (compare Figures S4A and S4B).
This can be attributed to the high loading (>70.0 wt %) of the Newtonian resin
and low loading of GO (<2.0 wt %). Generally, increasing GO wt % in the system in-
creases the composite viscosity and extent of shear-thinning behavior (i.e., negative
slope of the viscosity-shear rate curve), as expected based on the viscosity-shear rate
curves for pure GO/water dispersions shown in Figure S7. This is observed for com-
posites with a resin/water ratio that is constant (Figures S4C-S4H) or decreasing
(Figures 3A and S5). Notably, for samples with resin/water ratios below 1.5, the vis-
cosity-shear rate curves overlap with each other (e.g., Figure S4F, samples 22, 30, 38,
R/WIE]). This may be due to the high loading of nanosheets that leads to high viscos-
ities, which makes the shear thinning behavior of the inks difficult to differentiate
from each other. As shown in Figures S5A and S5B, for samples with the same
GO/water concentration, no proportional relationship between the viscosity and
increasing GO wt % is observed, nor for decreasing resin/water mass ratio, which
may be due to the low wt % of GO particles not imparting shear-thinning behavior
as expected (increasing the particle wt % of the whole system leads to stronger
shear-thinning behavior).
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To evaluate yielding behavior of the inks, stress amplitude sweeps were performed,
and the storage (G') and loss (G”) moduli are plotted against stress amplitude
(Figures 3B and S8-510). For samples with resin/water mass ratios that are constant
(Figure S8) or decreasing (Figures 3B and S9), increasing GO wt % of the system led
to increased values of the yield stress and modulus. At lower or higher GO concen-
tration, a yield point cannot be observed. For example, among samples 25-32 (Fig-
ures 2, line x, 3B, and S10), only samples 26-30 (sample 26, W/R[E]+[B]; sample 27,
[B]; sample, 28 [B]; sample 29, R/W[CE]; and sample 30, R/WI[E]) have yield points.
Sample 25, a W/R[E], exhibits viscous behavior across all stress amplitudes, with
G"” > @', but samples 31 and 32, both R/W[E], are dominated by elastic behavior,
with G’ > G” throughout the testing range, and a yield point was not observed.
Notably, for samples 1-8 (Figure S9A) and 9-16 (Figure S9B), the trend of the yield
stress is staggered (yield points do not follow the expected trend of higher GO
loading, leading to higher yield stress at a controlled water/resin ratio); again, this
may be because lower loading of nanosheets is not enough to control the samples
to show the expected yield stress trend. Characterization of aqueous dispersions of
GO reveals that G’, G”, and yield stress increase with increasing nanosheet concen-
tration (Figure S11). This supports that the GO nanosheets modify the rheological
properties of the system, in addition to serving as a particle surfactant.

The recovery of the sample viscosity to its original value after being extruded from
the printing nozzle, as critical for inkability, was evaluated using three-interval thix-
otropy tests. Samples were first held under a steady shear rate of 0.5 1/s to achieve
a viscosity plateau (first stage), followed by a sudden increase in shear rate to 1.0 1/s
for 1 min (second stage), and then returned to a shear rate of 0.5 1/s (third stage).
Generally, high GO wt % or low resin/water ratio decreased the time required for
the samples to recover more than 95% of initial viscosity values; these attributes
are beneficial for DIW because extruded layers must support themselves and subse-
quent layers atop of them. As shown in Figures 3C and S14, samples with lower resin/
water ratio and higher GO wt % (samples 25-28: sample 25, W/R[E]; sample 26, W/R
[E]+[B]; sample 27, [B]; and sample 28, [B]) require less time (from 31.05 s to 0.625 s)
to recover to 95% of the viscosity in the first stage. Additionally, thixotropy tests of
samples with similar resin/water ratio but different GO loadings revealed that, as the
GO wt % increased, the recovery time decreased (Figure S12; samples 4, 12, 20, 28,
and 36; all [B]), which aligns with aqueous GO dispersions (Figure S13).

A critical characteristic of 3D printed objects is that the ink can be cured to “lock in”
the printed geometries and survive additional processing. Curability tests of all com-
positions were carried out by drop casting the ink onto a slide, adding a cover slide
with 1-mm spacers, and irradiating with UV light (Figure S15). Successfully cured
samples were identified as remaining intact after separating the slides, while unsuc-
cessfully cured inks broke when detaching, as shown in Figure S16. Only samples
along lines A-D in Figure 4 were curable, which is expected based on the microstruc-
ture of the inks, with curing of W/R[E] and [B] yielding monoliths because of the
continuous resin domains (Figures 2 and 4, yellow, blue, and red dots). In contrast,
curing of R/W[E] did not lead to robust foams because cross-linking only happened
in the discontinuous phase (resin droplets) (e.g., Figures 2 and 4, green and magenta
dots). The successfully cured objects were then immersed in an aqueous solution of
ascorbic acid to reduce the GO nanosheets and, ideally, impart electrical conductiv-
ity to the object. Four-point probe resistivity measurements show that conductivity
increased with increased GO wt % (Figure 3D; Table S2, wt % after water removal).
Notably, conductivity is not dictated solely by loading of GO but also impacted by
microstructure and pore connectivity. For example, porous structures obtained from
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Figure 4. Inkability map

Light blue squares indicate samples with appropriate rheological behavior for DIW, lines A-D
indicate samples that can be cured and maintain structure, and dark blue boxes indicate samples
that have measurable conductivity (4-point probe).

bijel samples 12 and 19 show different conductivity despite having similar wt % GO.
This may be attributed to differences in porosity (19.3% and 27.2%, respectively),
void connectivity, and domain size, which can affect the nanosheet percolation
and thus influence the bulk conductivity. By taking into account the rheological
behavior, curability, and conductivity, a desired inkability map (Figure 4) with bijel
samples 19, 20, 27, 28, 35, and 36 as ideal inks is obtained.

Microstructures of foams

As described above, printed objects were immersed in an aqueous solution of ascor-
bic acid to reduce the GO nanosheets and impart the objects with conductivity, after
which the obtained structures were dried under reduced pressure to remove water,
providing porous structures that do not collapse. This is distinctly different from prev-
alently used freeze-drying, which requires low temperature andlong drying time, and
thus the drying process employed here is simple, energy and time saving, and safer.
To identify the microstructure of the printed, cured, and dried objects, scanning elec-
tron microscopy (SEM) was used. The microstructure of foams dictates their physical
(and thus macroscopic) properties. Only the curable morphologies were character-
ized by SEM, and of these, only the bijel shows good connectivity of voids. As shown
in Figure 5A, for structures obtained from samples 25-28 (W/R[E], W/R[E]+[B], [B],
and [B]), the structures become increasingly porous, and the domain sizes of the resin
channels and void channels (i.e., previous water channels) decrease in thickness.
These SEM images are consistent with the confocal fluorescence microscopy images
of the corresponding inks discussed above. The W/R[E] ink, sample 25, leads to a
structure thathad few non-connected voids, as expected. In comparison, the SEM im-
age of the W/R[E]+[B] sample shows more voids with some interconnected channels,
again consistent with the confocal image of the corresponding ink. As for objects ob-
tained from samples 27 ([B]) and 28 ([B]), structures with fully connected void channels
are evident. For bijel samples, when the resin/water ratio is held at a similar mass ratio
and GO loading is increased (Figure 2, line D), the open cells become increasingly
porous, leading to interconnected voids. This can be attributed to the higher loading
of GO forming finer bijel structure precursors (Figure S17). In addition to SEM imag-
ing, a 3D structure was created to highlight the microstructure and interconnected
void spaces. Figure 5B shows the 3D reconstruction from micro-X-ray computed to-
mography (uCT) of the printed, cured, and dried sample 20 ([B]). Interestingly, the
porosity computed based on the 3D constructed model (Figure 5C) was 49.45%,

Matter 6, 4066-4085, November 1, 2023 4073



- ¢? CellP’ress Matter

Sample 25 W/R[E] Sample 26 WIR [E] + [B] Sample 27 [B] Sample 28 [B]
0 ( =5 7 ; WG X Wi >~ TN 3 '- T

%

3> J

Small
interconnected
void from bijel
structure

Big void from
imperfect printing
(air bubble)

Figure 5. SEM and pCT characterization of selected foams

(A) SEM images of obtained foams of samples 25-28 (corresponding to sample points in Figure 2, line x). Scale bar: 50 um.
(B) uCT of a 3D-printed structure of sample 20. Scale bar: 50 um.

(C) Reconstructed model of a slice of the nCT image shown in (B).

which is larger than the theoretical porosity (34.7%, see next paragraph). This can be
attributed to the fact that the rGO flakes, constrained at the resin/air interface, were
not properly assigned as part of the skeleton. The contrast in uCT images largely de-
pends on the ability to impede X-ray penetration, where the low-density rGO flakes at
the resin/air interface may produce poor contrast in the obtained images. This can
lead to the nanoparticles being calculated as voids (air), which would consequently
result in an overestimation of porosity.

In complement to the imaging of porosity and void interconnectivity afforded by SEM
and pCT, we also measured the void space of the structures by comparing bulk density
and skeletal density. Here, the bulk density was calculated through the ratio of the ob-
ject's mass and volume, and skeletal density was obtained using the ethanol immersion
method, as detailed under experimental procedures. Table S3 summarizes the density
and porosity data. In line with the SEM images, the porosity from samples 25-28 (Fig-
ure 2, line x) does increase (1.59%-35.8%), and density shows a correspondingly
decreasing trend (1.11 g/cm® to 0.72 g/cm?). Additionally, foams obtained from bijels
(Figure 2, line D) with similar resin/water ratios increase in porosity (10.4%—-42.9%)
with increased GO loading, with density decreasing concurrently (1.01 g/cm?® to
0.64 g/cm?), which is aligned with the SEM images shown in Figure S17. The calculated
result from the ethanol immersion method is only slightly lower than the theoretical
value. This deviation is because ethanol may not fully wet the voids trapped in the
aforementioned rGO flakes, thus leading to a lower calculated porosity.

Mechanical performance

Mechanical performance is important for most applications, including wearable ma-
terials, because the printed structures should show excellent tolerance to being
stretched, twisted, and compressed. The microstructure of a porous object plays a
critical role in tuning the tensile performance. The Young’s moduli (E) of the reduced
and unreduced open-cell foams from sample 12 ([B]; Figure S18) support that
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Figure 6. Representative stress-strain curves of foams made from samples
(A) Same GO/water concentration, increasing GO wt % as shown in Figure 2, line x.
(B) Similar resin/water mass ratio and increasing GO wt % as shown in Figure 2, line D.

ascorbic acid treatment does not have a notable impact (E is 0.05 MPa and 0.04 MPa,
respectively). However, the unreduced sample shows larger uniform strain under
similar ultimate stress. We then compared the E of the foams from different morphol-
ogies (e.g., W/R[E] and W/R[E]+[B]). From samples 25-28 (sample 25, W/R[E]; sample
26, W/R[E]+[B]; sample 27, [B]; and sample 28, [B]), increasing elastic modulus values
are observed (Figure 6A). This is due to a combination of decreased elastic resin con-
tent, increased porosity, and increased particle filler loading, all factors that increase
the stiffness of the samples. For the open-cell foam (all [B]), increasing GO wt % led to
increasing E (Figure 6B). This further supports that increasing particle filler loading
and porosity make the material stiffer. Notably, sample 36 has higher GO loading,
higher porosity, and a lower amount of elastic resin compared with sample 28; how-
ever, its elastic modulus is slightly lower compared with sample 28. This may be due
to the high loading of the nanosheets inducing particle aggregation, which lowers the
effective surface area of particles to hinder polymer chain mobility.***% In compari-
son with graphene/elastomer composites prepared by other prevalently used
methods (e.g., solution blending, nanoparticle infiltration) and other polymer identi-
ties (e.g., polydimethylsiloxane, TPU), the bijel-templated graphene/resin structure
reported here has a lower Young’s modulus. In addition, the material demonstrates
larger elongation (percent) at break (58.7% versus <50% in other recent reports) and
thus shows superior ductility (Table S4), which is significant for application in wear-
able devices.

3D printing of inks and wearable materials
Bijel inks (samples 20 and 28) that yielded electrically conductive structures
were printed into cubic lattices through different-sized nozzles. As shown in
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Figure 7. Printing resolution and fidelity tests
(A-D) Printing resolution test and digital images of printed cubic lattice; in (A)—(C), sample 28 was used, and (D), sample 20 was used (scale bars: 100 um).
(E and F) SEM images of a cross-section of a printed cubic lattice from sample 28. Scale bars are 1 mm and 500 um, respectively.

Figures 7A-7C, sample 28 can be readily extruded and printed with 22G, 25G, and 27G
nozzles (¢ i, ~413, ~260, and ~210 um, respectively). Subsequently, cubic lattices were
printed with nozzle @ ;, of 260 pm (25G) and 210 um (27G); even with the 27G nozzle, the
outline of the smallest square (2.0 X 2.0 mm) in the printed cubic lattice can be seen
clearly, which indicates high print fidelity and potential applications in high-resolution
printing. Because sample 20 possessed a lower viscosity compared with sample 28, it
should be printable using a smaller-diameter nozzle; Figure 7D shows an optical micro-
scopy image of a cubic lattice printed from sample 20 using a 32G nozzle ((¢ j, = 108 +
19 um), demonstrating that higher-resolution structures can be obtained by using a
lower-viscosity ink. SEM characterization of a cross-section of the printed cubic lattice
of sample 28 using a 22G needle indicates that adjacent filaments of the ink can be
clearly distinguished and do not merge or spread significantly during printing
(Figures 7E and 7F). Notably, the filament width (560 + 63 um) is slightly larger than
the nozzle inner diameter (413 + 19 um), which is due to the die swell effect.

For wearable applications, inks should be printed onto clothing materials, such as
fabrics, and therefore must have excellent adherence. As shown in Figure 8, printing
sample 28 ([B]) onto 100% cotton Aida cloth gave good fidelity, with the structure
having excellent flexibility, and it is able to be stretched and compressed without
detriment to the printed pattern (Figures 8A and 8B). Notably, neither the mild con-
ditions used to reduce the GO nanosheets (i.e., ascorbic acid) nor removal of water
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(A-D) Printed sample 28 and flexibility test of printed samples before (A and B) and after (C and D) treatment with ascorbic acid and vacuum drying.

Scale bars: 5 mm.

(E) Conductivity as a function of number of peels, as determined by four-point probe measurements. Pictures of light bulbs show that the printed foam

still can be used to connect a circuit after the peeling test.

impacted the adhesion or flexibility of the printed objects (Figures 8C and 8D),
demonstrating the robustness of the system. To further understand the adhesivity
of the printed material to the fabric, a cuboid pattern (i.e., a cubic lattice with
100% infill) was printed onto the cloth, processed, and then subjected to a peel
test, where packing tape was applied to the top of the cuboid and then peeled
off, with the conductivity tested after every 20th round of peeling. Figure 8E shows
that the conductivity of the structure remained nearly constant at ~1.3 mS/cm after
peeling more than 100 times (an illustration of a circuit for a light bulb-lighting test is
shown in Figure $19), confirming that the printed structure maintains its integrity and
adherence to the cloth substrate. Figure S20 shows that more complicated struc-
tures can also be printed onto the same fabric. The amphipathic nature of bijel,
because of a combination of water and resin channels, gives the ink good affinity
for hydrophilic and lipophilic fabrics. Figure S21 shows that the ink can be success-
fully printed onto 100% cotton and 50/50 cotton/polyester fabric materials reduced
with ascorbic acid and dried under vacuum without delamination.

Radio frequency heating

Printed objects with continuous and connected void structures that have appro-
priate conductivity are expected to have excellent radio frequency (RF) heating per-
formance, which can be promising for applications such as packaging, sanitation,
and material curing/sintering.>*>® Figure 9A demonstrates the RF heating test
setup, and Figure 9B shows the frequency sweep result, where heating rate is
plotted as a function of radiation frequency. A maximum heating response at around
125 MHz was observed, which was used for all subsequent tests. As shown in Fig-
ure 9C, an RF heating cycle was performed at 125 MHz and 1 W power for five
different structures obtained from bijel inks (different GO wt % but similar resin/wa-
ter ratios). For all samples, rapid heating was observed within 1.0 s of exposure to
low-power RF. Interestingly, with a similar resin/water ratio bijel precursor, the heat-
ing response of the obtained porous structures first increased and then decreased
with increasing GO loading, giving sample 20 (4.0 wt % of GO of obtained foam)
the highest heating response by reaching 240.7°C within 0.92 s. This trend can be
attributed to the electrical conductivity and the microstructure of the samples. Spe-
cifically, less conductive samples (e.g., samples 4 and 12) do not sufficiently absorb
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Figure 9. RF heating performance of selected foams

(A) Schematic of the RF heating test setup. Scale bars: 2 mm.

(B) Frequency sweep of sample 20 varied from 1-200 MHz.

(C and D) RF heating of foams at 125 MHz at 1 W.

(E) Cyclic heating test of sample 20 upon exposure to 125 MHz at 0.1 W.

the EM wave, while those with a highly conductive network (e.g., sample 36) reflect
the EM wave and consequently reduce the heating response. To further define the
impact of microstructure on heating response to EM waves, foams obtained from bi-
jel samples 12 and 19 with a similar GO loading (2.7 wt % and 2.6 wt %) but different
porosities (19.3% and 27.2%) were exposed to an RF field. As shown in Figure 9D,
sample 19 gave a more rapid and intense temperature response compared with
sample 12, confirming that the microstructure (void channels) directly impacts the
RF heating response, where higher void space leads to a more rapid and intense
heating response. A similar temperature change is observed over 10 RF heating cy-
cles, indicating good stability of the sample (Figure 9E). Of note, as shown in
Table S5, the open-cell foam templated by the bijel structure shows a much faster
response to RF at a lower nanosheet loading compared with previously reported
particle/polymer composites.

Applicability to other particle systems

The proposed methodology provides a roadmap of preparing 3D printable and
wearable conductors from bijel-based inks, provided conductive particle surfactants
or their precursors can be used. We thus evaluated whether the morphology map
developed above can guide the micromorphology of printed objects using transi-
tion metal carbide nanosheets (i.e., MXene) in place of GO nanosheets. Specifically,
a Ti3C,T,-GO system was used to produce analogs of sample 4 ([B]), sample 7 (R/'W
[E]), sample 20 ([B]), and sample 23 (R/WI[E]), with the expected phase behaviors suc-
cessfully obtained for each system. Similar to GO, MXenes can act as solid stabilizers
(e.g., Pickering surfactant) for fluid-fluid interfaces,””"*® with the added benefit
that MXenes themselves are conductive, thus removing the need for chemical reduc-
tion as required for GO. As shown in Figure S22, different inks were readily
prepared using a mixture of MXene and GO (wt:wt = 3:1), where the resin, water,
and overall particle wt % were all kept the same as in the GO-only systems. Notably,
MXenes cannot be used as the sole nanosheets to stabilize bijels, which we attribute

4078 Matter 6, 4066-4085, November 1, 2023



Matter

to their higher hydrophilicity than GO (e.g., negatively charged faces of the nano-
sheets). Comparison of the confocal fluorescence microscopy images of the GO-
only and TizC,T,-GO systems reveals that similar microstructures are produced for
each phase identified in the morphology map (i.e., R/WIE], [B], etc.). Thus, the
morphology map produced here can be used to guide bijel formation with other
functional 2D particle systems or immiscible fluid systems to produce inks tailored
for specific applications.

Conclusions

Here we developed a platform to produce 3D-printable ultralight conductive foams
with continuous voids via the construction of a morphology map of water, resin, and
2D GO particle surfactants. Composition-dependent ink optimization was used to
define the morphology, rheological properties, and curability of the systems as
well as the microstructure and electrical conductivity of the printed structures. Six
ink compositions were identified as ideal for producing 3D-printable, conductive,
low-density structures, all of which are bicontinuous emulsions (i.e., bijels) and
have a resin/water mass ratio at 1.4-1.5 with 4.0-6.7 wt % nanosheets or at 2.2
2.3 with 2.5-4.3 wt % nanosheets. Extrusion-based DIW printing of the inks, followed
by UV curing of the resin phase, ascorbic acid reduction of the GO nanosheets, and
drying under reduced pressure yielded ductile foams with continuous void space
throughout the polymer matrix. The structures of the printed objects and interpene-
trated channels were characterized by SEM, uCT, and density measurements.
Compared with traditional techniques, utilization of bijel ink avoids complicated, en-
ergy-consuming processing procedures such as gas-foaming agent injection,
freeze-drying, acid etching, sintering, and template removal, during the preparation
of the porous structure. In the bijel system reported here, removal of the water phase
yields a continuous void phase with a percolation of the conductive particles. The bi-
continuous morphology also guarantees the high interconnectivity of the void chan-
nels that is required for energy/mass transport and percolation of the conductive
fillers that general emulsion morphology may not be able to achieve. In addition,
the entangled structure of the hydrophobic phase (resin) and hydrophilic phase (wa-
ter) imparts the ink with excellent penetration of substrates with different wettability,
which is indispensable for mass production and adaptability of wearable devices.

Characterization of electrical conductivity, mechanical properties, and adhesiveness
to fabric of the printed bijels underscores the important complementarity of compo-
sition and structure on performance-related properties. Compared with other prev-
alently reported graphene/polymer composites, our materials present a lower
Young's modulus and a larger elongation percentage at break, which indicates
excellent ductility. Further RF heating experiments showed that the open-cell foams
with only 4.0 wt % nanosheet loading exhibit an extremely rapid response to EM
waves within 1.0 s, demonstrating a much better performance in rapid RF heating
compared with previously reported particle/polymer composites.

The system developed here provides critical insights into how to leverage fluid-fluid
phase-separated systems and 2D particle surfactants for the development of next-
generation composites. This paradigm shift gives access to bicontinuous emulsions
for use as inks with minimal pre/post-processing requirements to produce ultralight
conductive materials with good adhesion to fabrics and, thus, suitability for wearable
applications. Additionally, we demonstrate that this morphology map-guided
ink development can also be applied to other 2D particle systems; namely, MXenes.
Bijel inks for DIW not only broaden the scope of 3D printing of emulsion-based
inks but also take advantage of the biphasic structures to pave the way for defining
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composition-microstructure relationships. Indeed, these emulsion-based inks open
exciting possibilities for using the macroscopic geometry afforded by print and
microscopic porosity afforded by ink formulation to tailor performance-related
properties for a number of applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Peiran Wei (peiran@tamu.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate datasets.

Materials

Photocurable Elastic 50A resin was ordered from Formlabs (part number RS-F2-
ELCL-01). Aqueous hydrogen peroxide (H,O2; 30% [w/w]), ethanol (?9.5%), and iso-
propanol (>99.5%) were purchased from Fisher Scientific. Graphite flakes, sulfuric
acid (H,SO4), and potassium permanganate (KmnOy4; > 99%) were bought from
Sigma-Aldrich. All chemicals were used as received. TizAIC, MAX phase was pre-
pared as reported previously.’”¢° 50/50 cotton/polyester fabric and 100% cotton
fabric were purchased from Walmart, and 100% cotton Aida fabric was purchased
from Amazon (manufacturer: Similane).

Instrumentation

Emulsification (ink formation) was realized by a conditioning mixer from Thinky (model
AR-100). Sonication was done through an ultrasonic bath (model CPX 3800), and vor-
texing was accomplished by a vortex mixer (model 9454FIALUS); both were from Fish-
erbrand. Centrifugation was performed with a SORVALL ST 8 centrifuge (Thermo Fisher
Scientific). Blending of GO flakes was achieved by a Waring commercial blender (model
70109). Optical microscopy images were taken using an AmScope 150C-2L microscope
with an 18 MP USB 3.0 camera. Confocal fluorescence microscopy images were taken
with an Olympus FV 1000 confocal platform at 405-nm excitation wavelength. SEM im-
ages were taken with a Tescan Vega SEM. Optical images of the printed inks and
printed objects were recorded using an iPhone X. Rheological properties were
analyzed using a TA Instruments DHR-2 rheometer with a 40-mm parallel plate. Me-
chanical properties were measured with a TA Instruments DMA 850 with a film clamp.
The direct current (DC) conductivity was obtained using a standard Keithley 4-point
probe meter. The 3D printing was performed on a Hyrel 3D Engine SR with an SDS-
10 syringe extrusion head. uCT was done on an Xradia 520 Versa (XRM, Carl Zeiss)
X-ray microscope. The RF fields were generated using a RIGOL DSG815 signal gener-
ator and then amplified using a PRANA GN 500 power amplifier.

Synthesis of GO

GO was synthesized through the oxidation of graphite flakes following a previously
reported modified Hummer's method.®" In brief, graphite flakes (3.0 g) were mixed
with H,SO4 (400 mL) followed by the addition of 3.0 g KMnO,. The reaction was kept
at room temperature with magnetic stirring and another three batches of KMnQO4
(3.0 g per batch) were added to the mixture at 24-h intervals. The reaction was
quenched by pouring the resulting purple suspension into ice water (2.0 L), followed
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by the dropwise addition of aqueous H,O, (30%) until the color turned to light
brown. The product was washed with isopropanol until the pH reached approxi-
mately neutral. The final product was dried under reduced pressure, blended into
powder, and stored at 2°C-8°C.

Ink preparation

The inks were composed of water, resin, and GO, with compositions of different ink
identities listed in Table S1. First, GO powder was dispersed in water in a glass vial to
form a GO/water dispersion with the assistance of vortex mixing and sonication.
Resin was then charged into the same vial, followed by homogenization using a
Thinky mixer at a mixing speed of 400 rpm for 1 min. Next, the formed ink was vor-
texed for 20 s, followed by defoaming using the Thinky mixer for 30 s at the fixed
speed inner-set by the mixer.

Rheometry

All rheological experiments were performed on a rotational rheometer with a 40-mm
parallel plate at 25°C with the gap distance set to 500 pum. The viscosity of each ink
was measured three times over shear rates from 0.001-1,000 Hz. A stress amplitude
sweep was performed on each ink three times from 0.001-1,000 Pa at a frequency of
1 Hz, from which storage and loss moduli were measured. Three-interval thixotropy
tests were carried out with a three-step shear rate changing process, where the shear
rate was first held at 0.5 Hz for a few min until the viscosity curve reached a plateau, fol-
lowed by an increase in shear rate to 1.0 Hz, which was held for 1 min, and then the
shear rate decreased to 0.5 Hz and was held for 3 min, with each identity tested 3 times.

3D printing

The ink was loaded into a 10-mL Luer-Lok syringe with a dispensing needle (20G, 22G,
25G, 27G, and 32G), followed by inserting the syringe into an extrusion cartridge
attached to the 3D printer. Cubic lattices were printed with desired heights and infill per-
centages. During the printing process, each printed layer was cured by irradiation with a
365-nm Hyrel UV Pen. The printing parameters (taking the sample shown in Figure 7B as
an example) are were as follows: nozzle temperature, 22°C; layer height, 0.130 mm;
number of vertical shells, 1; number of horizontal shells, O; infill density, 100%; infill
pattern, rectilinear; and infill speed, first layer speed, and travel speed, 20 mm/s.

GO reduction and porous structure preparation

The as-prepared printed composites were immersed in an aqueous ascorbic acid so-
lution (0.24 g/mL, 70°C) overnight to reduce the GO, followed by washing with
distilled water for 5 min. The composites were dried at room temperature under
reduced pressure (0.31 torr) to remove the water and produce the porous conduc-
tive structures.

Density and porosity test
The bulk density of porous structures was obtained through calculation by
msamp/e

Pbulk = Vv

sample

(Equation 1)
ofa 10 x 10 x 0.3-mm sample piece.

Skeletal density of porous structures was estimated by an alcohol immersion method
using a 10 x 10 x 0.3-mm sample piece based on Archimedes’ principle as illus-
trated in the literature:®?
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Msample X Pethanol .
Pskeleton = (Equatlon 2)
msample - msuspended

where Mgample aNd Mgyspended Stand for the dry sample mass and mass of the sample
suspended in 200-proof ethanol, respectively, and pga,0) Means the density of the
ethanol.

Overall porosity was calculated through

Poverall = 1 — (M) (Equation 3)
Pskeleton

Tensile tests

Tensile test samples of the inks were prepared through molding the ink into thin films
(~0.3 mm) using two glass substrates, curing them with UV radiation, and removing
them from the mold. Strips approximately 2 mm in width were then cut and loaded
into the film clamp of the DMA instrument. The test was performed employing a
strain rate of 50% per minute.

Peeling test

A5 x 10 x 5-mm cubic lattice was printed on fabric using sample 28, followed by
reduction of GO through the method mentioned under GO reduction and porous
structure preparation. Scotch Sure Start shipping packaging tape was applied
atop the printed structure, firmly pressed down, and then peeled off. This was
repeated 100 times, with the conductivity of the structure tested via four-point
probe after each 20 peels (a new piece of tape was used every 20 peels).

Four-point probe test

Test samples were prepared through molding the ink into thin foams (~0.3 mm) us-
ing two glass substrates. As shown in Figure S15, the foams were then cured under
UV radiation and removed from the mold. The sample was put on the testing plate
with the probe inserted into the sample. The applied current was controlled at 1 pA,
and voltage data were collected to calculate the conductivity.

SEM sample preparation

Small pieces (5.0 x 2.0 x 0.3 mm) of the cured foams or 3D-printed cubic lattice
(10.0 x 2.5 x 3.5 mm) shown in Figures S20C and S20D were cut and mounted
onto SEM stubs (@ 12.7 x 8 mm pin height) using conductive double-sided tape
without sputter coating.

nCT

A 10 x 10 x 2-mm cubic lattice of sample 20 with 100% infill was 3D printed, and 2D
cross-section scanning was performed through the X-ray microscope. By reconstruc-
tion of the 2D-scanned images, 3D views of the samples were successfully obtained.
The experiment was carried out at atmospheric pressure and room temperature us-
ing an X-ray microscope with 80-kV voltage, 7-W power, a 360° rotation step with
1,601 projections, and 0.34-um voxel size. The 3D visualization of the studied spec-
imen was realized through software reconstruction.

RF heating

A co-planar, stationary RF applicator was used to apply the RF fields. The RF fields
were produced using a signal generator and then amplified using a power amplifier.
A sample with in-plane dimensions of 5 X 2 mm was exposed to RF fields, and the
temperature changes were recorded using a thermal camera (FLIR Systems,
A655sc). For a frequency sweep test, sample 20 was exposed to frequencies ranging
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from 1-200 MHz at 0.3 W with a heating time of 1 s at each frequency and then off for
13 s. For the cyclic heating test, sample 20 was exposed to an on-and-off RF heating
cycle at 125 MHz and 0.1 W, repeated across 10 cycles. For the remaining heating
tests, all samples were exposed to 125 MHz at 1 W for 1 s.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2023.10.001.
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Table S1. Sample compositions of each ink. Top-to-bottom columns have same GO/water
concentration, increasing GO wt%, and decreasing resin/water ratio; left-to-right in a row show
increasing GO/water concentration, increasing GO wt%, and similar resin/water ratio. Water-in-
resin emulsion (W/R[E]) (red); combination of water-in-resin emulsion and bijel (W/R[E]+[B], blue);
bijel ([B], yellow); resin-in-water condensed emulsion (R/W[CE], green); resin-in-water emulsion
(R/WIE], magenta).

20 mg/mL 40 mg/mL 60 mg/mL 80 mg/mL 100 mg/mL

GO Water Resin GO Water Resin GO Water Resin GO Water Resin GO Water Resin
(mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg)

1 2 100 898 |9 4 100 896 (17| 6 100 894 (25| 8 100 892 (33| 10 100 890
2 4 200 796 |10 8 200 792 |18| 12 200 788 (26| 16 200 784 (34| 20 200 780

10 500 490 (13| 20 500 480 (21| 30 500 470 (29| 40 500 460 (37| 50 500 450
12 600 388 |14 24 600 376 (22| 36 600 364 (30| 48 600 352 (38| 60 600 340
14 700 286 |15| 28 700 272 |23| 42 700 258 |31| 56 700 244 39| 70 700 230
16 800 184 (16| 32 800 168 (24| 48 800 152 (32| 64 800 136 |40( 80 800 120

0 N o o

GO

Water GO

Water Resin

Resin

Figure S1. Samples selected for constructing the morphology map are within the red obtuse
triangle area.
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Figure S2. Optical microscope images of different samples. Top-to-bottom columns have the
same GO/water concentration, increasing GO wt%, and decreasing resin/water ratio; left-to-right
in a row show increasing GO/water concentration, increasing GO wt%, and similar resin/water
ratio.



Figure S3. Fluorescence confocal microscope images of different samples. Top-to-bottom
columns have the same GO/water concentration, increasing GO wt%, and decreasing resin/water
ratio; left-to-right in a row show increasing GO/water concentration, increasing GO wt%, and

similar resin/water ratio.
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Figure S4. Viscosity as a function of shear rate. Samples on each graph have a similar resin/water
mass ratio and increasing GO wt% as sample number increases (graphs A-H correspond to
sample points on Figure 2, line A-H).
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Figure S5. Viscosity as a function of shear rate. Samples on each graph have decreasing
resin/water mass ratio and increasing GO wt% as sample number increases (graphs A-D
correspond to sample points on Figure 2, line u, v, w, y).
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Figure S6. Viscosity as a function of shear rate for samples in Figure 3A (graphs A-H correspond
to sample points on Figure 2, line x). Error bars indicate standard deviation (n=3).



(A)

Viscosity(cP)

(©

Viscosity(cP)

(E)

Viscosity(cP)

10° (B) 10°
108 —20 mg/mL GO dispersion 108 —40 mg/mL GO dispersion
107 107
108 o 108
CA
2
10% ‘w 108
o
o
(2}
104 S 104
108 10°
102 102
10° 10°
10 1072 10 100 10 102 10° 103 1072 101 100 10! 102 10°
Shear rate (1/s) Shear rate (1/s)
10° (D) 10°
108 60 mg/mL GO dispersion 108 — 80 mg/mL GO dispersion
107 107
108 o 108
e
2
108 ‘w 108
o
b
104 S 104
10° 10°
102 102
10! 10!
107 102 101 100 10! 102 108 107 102 10 100 10! 102 10°
Shear rate (1/s) Shear rate (1/s)
10°
108 — 100 mg/mL GO dispersion
107
108
108
104
10°
102
10!
1073 102 10 100 10! 102 103

Shear rate (1/s)
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Figure S8. Storage modulus (solid line) and loss modulus (dashed line) as a function of oscillation
stress. Samples in each graph have a similar resin/water mass ratio and increasing GO wt% as
sample number increases (graphs A-H correspond to sample points on Figure 2, line A-H).
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Figure S9. Storage modulus (solid line) and loss modulus (dashed line) as a function of oscillation
stress. Samples in each graph have decreasing resin/water mass ratio and increasing GO wt%
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y).
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Figure $10. Storage modulus and loss modulus as a function of oscillation stress for samples in
Figure 3B (graphs A-H correspond to sample points on Figure 2, line x). Error bars indicate
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Table S2. Table summarizing composition and conductivity of obtained porous structures.

20mg/mL GO/Water Dispersion 40mg/mL GO/W ater Dispersion 60mg/mL GO/Water Dispersion
GO wt% | Conductivity GO wt% | Conductivity GO wt% | Conductivity
. of of obtained . of of obtained ) of of obtained
iSdaerrr:tFi)tls T:z;‘ GO (mg) V(Vr:;r obtained| porous %an:t?tl: ’?s‘sg';] GO (mg) V(Vr:sr obtained porous ze::ﬁtlye F;;SQI; GO (mg) V(Vr:;r obtained| porous
porous | structure porous structure porous | structure
structure| (mS/cm) structure | (mS/cm) structure| (mS/cm)
1 898 2 100 0.22 N/A 9 896 4 100 0.44 N/A 17 894 6 100 0.67 N/A
2 796 4 200 0.50 N/A 10 792 8 200 1.0 N/A 18 788 12 200 1.5 0.0970
5 490 10 500 N/A N/A 13 480 20 500 N/A N/A 21 470 30 500 N/A N/A
6 388 12 600 N/A N/A 14 376 24 600 N/A N/A 22 364 36 600 N/A N/A
7 286 14 700 N/A N/A 15 272 28 700 N/A N/A 23 258 42 700 N/A N/A
8 184 16 800 N/A N/A 16 168 32 800 N/A N/A 24 152 48 800 N/A N/A
80mg/mL GO/Water Dispersion 100mg/mL GO/Water Dispersion
GO wt% | Conductivity GO wt% | Conductivity
. of of obtained . of of obtained
%aer:l;i)lls T:"sg';] GO (mg) V(Vn?;;r obtained porous |Sdaen|:t?t|; Tr:z;' GO (mg) V(Vn::;e)r obtained| porous
porous | structure porous | structure
structure | (mS/cm) structure| (mS/cm)
25 892 8 100 0.89 N/A 33 890 10 100 1.1 0.236
26 784 16 200 2.0 0.30 34 780 20 200 2.5 0.781
29 460 40 500 N/A N/A 37 450 50 500 N/A N/A
30 352 48 600 N/A N/A 38 340 60 600 N/A N/A
21 244 56 700 N/A N/A 39 230 70 700 N/A N/A
32 136 64 800 N/A N/A 40 120 80 800 N/A N/A

Sample 4 Sample 12 Sample 20 Sample 28 Sample 36

Figure S17. SEM images of cured samples with similar resin/water ratios but increasing GO wt%
(samples 4, 12, 20, 28, and 36).




Table S3. Table summarizing bulk density and calculated porosity of selected obtained porous

structures.
GO wt% | Conductivity
Sample|Resin| GO | Water o.f of obtained Bulk density Calculated | Theoretical
identity | (mg) | (mg) | (mg) obtained porous (g/cm?d) porosity (%) |porosity (%)
porous structure
structure | (mS/cm)
4 592 | 8 400 1.3 N/A 1.01 £ 0.03 10.4 +0.03 | 15.2 + 0.02
12 584 | 16 | 400 2.7 0.350 0.91 + 0.05 19.3 £ 0.07 |22.2+0.05
19 682 | 18 | 300 2.6 0.462 0.82+0.02 | 27.2+0.02 |23.9+0.05
20 576 | 24 | 400 4.0 1.27 0.77 £0.03 | 31.5+0.03 | 34.7+£ 0.03
25 892 | 8 100 0.89 N/A 1.11 £ 0.05 1.59 £+ 0.05 |6.30 +0.03
26 784 | 16 | 200 2.0 0.30 1.02+0.02 | 9.57 +0.05 |12.8 +0.05
27 676 | 24 | 300 3.4 1.23 0.82+0.03 | 27.3+0.02 |27.5+0.06
28 568 | 32 | 400 5.3 1.29 0.72+0.03 | 35.8+0.04 |36.1+0.03
36 560 | 40 | 400 6.7 2.15 0.64 +0.03 | 429+0.04 |39.6 +£0.03
1.6
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Figure S18. Representative stress-strain curves of sample 12 before and after chemical reduction

of GO nanosheets.

Table S4. Young’s modulus of graphene/polymer composites prepared from different methods
for comparison to the bijel-templated porous structure reported in this work.S!-$4

Graphene/polymer Processing Fille(erg/ao)d ing Young(’;::;dulus Elz:lgaa;i?oz)at Ref.
Graphene/PDMS CVD/polymer coating 0.1 14.4 N/A [S1]
Graphene/PU Solution blending 3.0 161 47 [S2]
Graphene/PU Solution blending 1.0 >3.0 ~25 [S3]
Graphene/PDMS Infiltration into 3D foam 1.2 3.86 39 [S4]
rGOJresin Interfacial assembly 4.0 0.08 58.7 Wit; Z'zn"f;rek 20




Figure S19. Schematic illustration of circuit for light bulb-lighting ability test of sample under
peeling test.

Figure S20. Printed cubic lattice of sample 28 before (A and B) and after (C and D) GO
nanosheets reduction and water removal.

Figure S21. Cubic lattice printed onto and deformed 50/50 cotton/polyester fabric (left) and 100%
cotton fabric (right).



Table S5. RF heating response of particles/polymer composites prepared from different methods
in comparison to the bijel-templated porous structure reported in this work.S5-57

2D nanosheets/polymer Processing Fille(l;ngz)d ing RF frequency /power “Tii::zezrastl:: dI:rmRi Ref.
Graphene/PVA Solution mixing 15.0 107 MHz/35 W <10 °C [S5]
MXene/PVA Solution mixing 5.0 98-100 MHz/1 W <5°C [S6]
CNT/PLA Melt compounding 7.5 100 MHz/100 W <60 °C [S7]
rGO/resin Interfacial assembly 40 125 MHz/1 W 215.4 °C Wit; ';';;’]V’;’I;k "

Sample 4 (particle: resin: water= 8:592:400)

Figure S22. Confocal fluorescence microscopy images of inks with same resin, water, and
nanosheet ratio but different nanosheet identity. Top: samples prepared with GO nanosheets only.
Bottom: samples prepared with 3:1 MXene:GO hybrids. All scale bars are 100 uym.
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