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Electrically conducting porous hydrogels
by a self-assembled percolating pristine graphene
networkf
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This study introduces a method for synthesizing electrically conductive hydrogels by incorporating a
self-assembled, percolating graphene network. Our approach differs from previous approaches in two
crucial aspects: using pristine graphene rather than graphene oxide and self-assembling the percolation
network rather than creating random networks by blending. We use pristine graphene at an oil-water
interface to stabilize a water-in-oil emulsion, successfully creating hydrogel foams with conductivities
up to 15 mS m~* and tunable porosity. Our approach avoids the need for the conductivity-degrading
oxidation process to form GO and decreases the amount of graphitic filler needed for percolation,
leading to superior mechanical properties. The concentration of monomer and graphite in the emulsion
was optimized to control the cell size, stability, and swelling behavior of the final hydrogels, offering
versatility in structure and functionality. Electrical conductivity and thermogravimetric analysis (TGA)
confirmed the stability and conductive properties imparted by the graphene network. This method
demonstrates a cost-effective route to conductive hydrogels, making them promising candidates for
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Introduction

Hydrogels are hydrophilic, three-dimensional networks capable of
absorbing large amounts of water, making them attractive for
diverse applications such as sensing, drug delivery, and tissue
engineering. Electrically conductive hydrogels (ECHs) are an advan-
ced class of hydrogels that combine the water-retaining properties of
traditional hydrogels with the ability to conduct electricity. This
unique combination has enabled their use in various fields, includ-
ing sensors,” fuel cells,” supercapacitors,' dye-sensitized solar cells,?
and batteries.”> However, there are challenges in making soft and
flexible materials electrically conductive. Typical approaches® involve
adding conductive fillers, using conductive polymers,” > or relying
on ionic conductivity."*'* Each approach has benefits and limita-
tions, especially regarding mechanical properties’ and biocom-
patibility.’® We have addressed these challenges by incorporating a
self-assembled graphene network within a poly(N-(hydroxymethyl)
acrylamide) (PHMA) hydrogel.
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applications in sensors, energy storage, bioelectronics, and other advanced technologies.

Conductive fillers, such as metals, graphene oxide (GO), and
carbon nanotubes (CNTs),>*”"*® are commonly used to achieve
conductivity. However, high filler loadings are often required to
reach the percolation threshold, compromising the hydrogel’s
flexibility and softness. Moreover, these fillers can be limited by
high cost, complex processing, and potential cytotoxicity
concerns.”” Among carbon-based fillers, graphite offers an
attractive option. Unfortunately, pristine graphite is generally
insoluble in water, requiring functionalization to ensure uni-
form dispersion, often at the expense of electrical conductivity
and mechanical integrity.

In this study, we leverage the 2D surfactant properties of
graphene to address this limitation by inducing the sponta-
neous exfoliation of graphite to graphene at an oil-water inter-
face, where it stabilizes a water-in-oil emulsion. This method
creates a self-assembled, conductive graphene network within a
hydrogel matrix. Unlike conventional methods that require
oxidative treatments or chemical modifications, our approach
eliminates the need for chemical modification, allowing us to
retain the properties of pristine graphite. This technique leads
to a percolating graphene network in the hydrogel with mini-
mal filler, maintaining the mechanical properties of the
hydrogel.

Our exfoliation approach is driven by the reduction of the
system’s free energy when the oil and water phases are
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separated by graphene. Neither water nor oil is a good solvent
for graphene or graphite due to the van der Waals forces
between graphene sheets.”® This inability to disperse graphene
has, in the past, precluded its direct utilization in synthesizing
conductive hydrogels. In the investigations described in this
article, we use this insolubility of graphene to our advantage.
We have found that placing pristine, unoxidized graphite at an
oil/water interface leads to the spontaneous exfoliation of the
graphite to graphene.>" This exfoliation is driven by a lowering
of the system’s free energy as the graphene sheets separate the
oil and water, acting much like a surfactant.”* The insolubility
of the graphene/graphite means that it is trapped at the inter-
face and, like a surfactant, can stabilize emulsions, creating a
template for polymerizing one or both emulsion phases.

Results and discussion
Exfoliation and graphene self-assembly

The ability of graphite to act as a 2D surfactant and spread
(exfoliate) at oil-water interfaces provides a thermodynamically
driven mechanism for the exfoliation of pristine (unoxidized)
natural flake graphite to graphene.>’ These graphene sheets
separate the oil and water phases, lowering the system’s free
energy and stabilizing water-in-oil emulsions. This creates a
system of closely packed graphene-coated water droplets that
form an electrically conductive network through sphere-to-
sphere contact. This network was incorporated into a hydrogel
by polymerizing an aqueous solution of the monomer N-(hydro-
xymethyl) acrylamide (HMA) contained in the dispersed
phase of the graphene-stabilized emulsion. As illustrated in
Scheme 1A, when graphite was added to a mixture of aqueous
monomer solution and heptane, it was pinned at the liquid/
liquid interface, with exfoliation (spreading) driven by lowering
the system’s free energy.”' Emulsification of the system, shown
in Scheme 1B, created additional oil/water surface area and led
to additional exfoliation of the graphite to graphene.?” Images
of unpolymerized graphene-stabilized emulsions are shown in
the ESI.¥ The graphene-stabilized emulsions were stable for at
least several days, and heating led to the polymerization of the
monomer in the dispersed aqueous phase. Scheme 1C illus-
trates the final hydrogel structure, consisting of packed
graphene-coated spheres that provide a percolating conductive
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network throughout the hydrogel. The spheres are held
together by traces of the water-soluble monomer dissolved in
the hydrophobic phase and a small amount of added divinyl-
benzene crosslinker in the oil phase.

Effect of monomer and graphite concentration on cell size

Confocal microscopy was employed to examine the hydrogel’s
cell structure in its hydrated state, revealing that cell size was
inversely proportional to both monomer and graphite concen-
trations. Higher monomer concentrations resulted in smaller
spheres due to a more rapid increase in viscosity during
polymerization, which stabilized the emulsion and reduced
coalescence (Fig. 1A-C). Similarly, increased graphite concen-
tration produced smaller, more numerous emulsion droplets
due to enhanced interfacial stabilization from the added gra-
phene sheets (Fig. 1D-F). These findings illustrated that mono-
mer and graphite concentrations can fine-tune the hydrogel’s
cell morphology, offering control over its porosity and mechan-
ical properties.

Emulsion templating of ECH

Although the emulsion templated the morphology of the hydro-
gel, it was not clear that the size of the aqueous droplets formed
in the emulsion directly translated to the final material. We
used acoustic spectroscopy to examine the relationship
between the emulsion droplets’ size and the spheres’ size in
the polymerized hydrogel. This technique allowed us to deter-
mine the size of the dispersed phase, even though the solutions
strongly absorbed light. Fig. 2 shows the effect of increasing
graphite concentration on the emulsion droplets’ size with a
constant monomer concentration. In Fig. 1, we observed that
the spheres in the polymerized material became smaller with
increased graphite loading, and the acoustic spectroscopy
results supported this observation. The sphere sizes, obtained
from the acoustic spectra of the emulsions, were in the size
range of 80-110 pm, in line with the sizes observed by confocal
microscopy in Fig. 1. Also, the lack of a significant change in
the dispersity of the sphere sizes suggested that unlike with
changes in monomer concentration, the change in sphere size
resulting from increased graphite loading was not due to a
change in the rate of coalescence but to a change in the size of
the initially formed emulsion droplets.
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Scheme 1 Schematic describing the preparation of the conductive hydrogel. (A) Heptane, graphite, and agueous monomer are placed in a flask. (B)
Emulsifying the mixture results in aqueous drops, which are stabilized by a thin layer of overlapping graphene sheets and suspended in a continuous oil
phase. (C) Subsequent monomer polymerization results in a porous, electrically conductive hydrogel after removing the oil phase by evaporation.
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Increasing graphite concentration

>

Fig. 1 Confocal microscopy images of conductive hydrogels produced from emulsions made with varying concentrations of monomer and graphite
and fixed in agar for imaging. The spheres are filled with PHMA and surrounded by films of overlapping graphene sheets. The small dots are graphite
particles that did not exfoliate. (A)—(C) 17.5, 20.0, and 22.5 wt% agueous monomer solution, respectively, in emulsions containing 40 : 41: 0.60 mass ratios
of water/heptane/graphite. (D)—(F) 0.45%, 0.55%, and 0.65% graphite loading relative to the total mass of the emulsion.
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Fig. 2 Effect of graphite concentration on the size of dispersed water
droplets in the graphene-stabilized emulsions. In all cases, graphite was
added to 100 ml of a 2 to 3 volume ratio mixture of water and oil.

Morphology of ECH cell surfaces

While the size of the hydrogel spheres is an important para-
meter for controlling porosity, the morphology of the surfaces
of the sphere’s interior is expected to be critical for interactions
with cells or chemical agents. For this, electron microscopy
was used to characterize the finer structure of the spheres.
Fig. 3A shows a cross-sectional FESEM image of a dried

This journal is © The Royal Society of Chemistry 2025

graphene/PHMA hydrogel. The imaged surface exhibits a highly
porous structure with an average pore diameter between 50 and
100 um, smaller than the spheres observed by confocal micro-
scopy in Fig. 1 due to shrinkage of the hydrogel foam during
drying. Openings, or “windows” between neighboring spheres,
are visible and indicated by arrows. These windows occured at
regions where the spheres touched, providing thin spots
between foam cells that tear and allow bulk water to circulate
throughout the hydrogel. A higher magnification image of the
interior surface of a sphere, shown in Fig. 3B, shows the inside
to be wrinkled after drying and shrinking, with the graphene/
graphite sheets visible. In practice, dried hydrogels could be
rehydrated, but the process was slow and required refluxing in

Fig. 3 Scanning electron micrograph of (A) a cross-section of a dried
hydrogle composite showing windows connecting the cells of the foam.
(B) Higher magnification image illustrating the graphene present on the
inner walls of the foam cells.
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boiling water to rehydrate in a reasonable amount of time,
typically several hours.

Electrical conductivity of ECH

The percolating network of graphene sheets achieved electrical
conductivities of up to 15 mS m™', a two-order magnitude
increase compared to control hydrogels without emulsion
templating (0.3 mS m™'), as shown in Fig. 4A. This nearly
two-orders of magnitude increase was due to the self-organized
graphene network providing electrical percolation at low gra-
phite loadings. Surprisingly, further increases in graphite
concentration did not significantly enhance conductivity. Ther-
mogravimetric analysis (TGA) provided insight into this phe-
nomenon: increasing graphite loading affected the emulsion
stability but did not systematically increase the final graphite
content in the hydrogel (Fig. 4B).

TGA results, shown in Fig. 4B, indicated that the graphene
hydrogel composites decomposed over a relatively broad tem-
perature range. The PHMA hydroxymethyl groups decomposed
between 249 °C and 277 °C. The remaining backbone decom-
posed between 352 °C and 383 °C, consistent with literature
reports.”> The weight loss associated with these decomposi-
tions was consistent with the chemical structure of the poly-
mer. However, no correlation was observed between the
amount of graphite used and the mass of residue in the TGA,
with hydrogels synthesized with 450 mg, 550 mg, 600 mg, and
650 mg graphite showing residues of 32.2, 28.0, 30.2, 30.1, and
34.3 wt% respectively. These are the values plotted in Fig. 4A.

This lack of correlation between the amount of graphite
added and the amount of residue in the TGA was due to the
volume of the emulsion phase being tied to the amount of
graphite added. So, while the amount of graphite added to the
reaction mixtures increased from 450 mg to 650 mg, the
amount of graphitic material in the final composites showed
no systematic change. This discrepancy resulted from phase
separation in the initial emulsion before polymerization, which
created an aqueous phase covered by an emulsion phase in the
final product. The polymer formed in the aqueous phase was
thus not part of the conductive hydrogel. Initially, the effect of
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Fig. 4
curves for different concentrations of graphite in hydrogels.

1228 | Soft Matter, 2025, 21, 1225-1232

View Article Online

Soft Matter

added graphite was to decrease the size of the emulsion
spheres, but there was a limit to how small the sphere could
be, which was related to the size of the graphene sheets.?
Additional graphite then increased the emulsion phase’s
volume and thus the total amount of polymer in the emulsion
phase, resulting in the wt% of graphene in the final hydrogel
foam remaining reasonably constant.

ECH swelling

While increasing graphite concentration did not result in a
systematic change in the electrical conductivity of the hydro-
gels, it did impact their swelling behavior. To determine the
amount of water incorporated in the network structure as a
function of time, we calculated the swelling ratios (SR) of
hydrogels by using eqn (1):

M~ M,

SR = e
M,

&
where SR represents the average swelling ratio of a hydrogel in
distilled water as measured with triplicated results, and M, and
M, are the weights of the hydrogel at time t and the initial time,
respectively. The swelling behavior of the conductive hydrogels
with different amounts of added graphite is shown in Fig. 5A
and B. We found that the lowest loading of graphite led to the
fastest and most significant total swelling, but with increased
loadings, the swelling behavior became inconsistent, mirroring
the conductivity and TGA data. Taken together, these results
suggest an optimal emulsion morphology, and adding more
graphite simply increased the overall volume of the emulsion
phase rather than changing the properties of the emulsion.

Rheology of ECHs

Turning from the graphite component to the monomer com-
ponent, we found that the concentration of monomer also
played a significant role in the properties of the hydrogel.
Rheological analysis showed that increasing monomer concen-
tration affected the hydrogels’ elasticity and stiffness up to a
limit. As shown in Fig. 6A and B, the storage modulus (G’)
increased with monomer concentration up to 20 wt%,
beyond which further increases resulted in decreased modulus.

Weight %

200 400 600
Temperature (°C)

(A) Effect of graphite content on electrical conductivity. Inset illustrates the approach to making conductivity measurements. (B) TGA weight loss
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Fig. 5 Swelling behavior of conductive hydrogels (A) before placing in water (B) 15 min after placing in water (C) the swelling ratios of the conductive

hydrogels immersed in deionized water (80 °C).
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Fig. 6 Rheological behavior of hydrogels. (A) G’ and G” vs. frequency for hydrogels made with different monomer concentrations. (B) G’ and G” values at constant
frequency (1 Hz) for hydrogels made with different monomer concentrations. (C) Comparison of G’ and G” as a function of monomer concentration, where the
upper blue line is G' and lower red line is G". Values of G’ and G” are averaged values obtained from the frequency sweep shown in (A).

Table 1 quantifies these changes in elasticity and stiffness, which
are likely due to reduced interfacial tension at higher monomer
concentrations (Fig. 7). This decrease in interfacial tension may
have reduced the strength of the graphene network at the oil-
water interface, impacting the storage modulus of the hydrogel.
The rheology of the hydrogel foams was analyzed under
constant stress and temperature (25 °C) by a frequency sweep,
increasing the oscillatory frequency from 0.1 to 10 Hz. As
expected, and shown in Fig. 64, in all samples, the storage
modulus, G', is larger than the loss modulus, G”, since the
samples are in gel states where the elastic modulus dominates.
All samples also showed a broad viscoelastic region; however,
the storage modulus had a maximum value at an intermediate

This journal is © The Royal Society of Chemistry 2025

Table 1 Elasticity and stiffness of conductive hydrogels

Sample

(Wt% monomer Elasticity Stiffness
in aqueous phase) (G’-G") (G'1G")
17.5 3851 14.4
18.8 5835 16.1
20.0 10660 19.2
21.3 5951 16.3
22.5 4946 15.8

monomer concentration. The storage modulus increased as the
monomer concentration increased from 17.5 wt% to 20.0 wt%
but decreased as the concentration increased past 20.0 wt%.

Soft Matter, 2025, 21,1225-1232 | 1229
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Fig. 7 Interfacial tension of aqueous monomer solution and heptane as a
function of monomer concentration at 27 °C.

Table 1 shows the change in elasticity and stiffness, calculated
by G'-G" and G'/G" respectively,>* as the concentration of
monomer used in the aqueous phase of the emulsion
increased.

The increase in elasticity and stiffness as the monomer
concentration increased from 17.5% to 20.0 wt% can be
explained by the optical microscopy images shown in Fig. 1.
The structure of the hydrogel with a 17.5% monomer concen-
tration shows larger spheres and holes, leading to a lower
elastic modulus, and a lower monomer concentration would
be expected to create a softer hydrogel. However, the reason for
the decrease in modulus above 20.0 wt% was not as straightfor-
ward. To understand this result, we examined the effect of the
monomer on the interfacial tension between the oil and aqu-
eous phases of the emulsion.

Interfacial tension with added monomer

Increasing the concentration of monomer changes the inter-
facial tension of the oil: water mixture. The ability of graphene
to act as a 2D surfactant in water-in-oil emulsions depends on
the large interfacial tension between the oil and water. The
choice of heptane as the oil phase was based on its surface
energy of 20 mN m™ ' and its low solubility in the water phase.
We measured the interfacial tension of a pure heptane/pure
water interface to be 49.8 dyne per cm, which agrees with the
literature.>> We then measured the interfacial tension as
the concentration of monomer in the aqueous phase increased;
the results are shown in Fig. 7. We found the interfacial tension
between the aqueous solution and heptane decreased with
increasing monomer concentration in the aqueous phase.
Lower interfacial tension reduced the driving force for graphite
exfoliation and suggested a more diffuse interface. These con-
ditions might be expected to result in less mechanically robust
graphene shells and thus a smaller storage modulus. A balance
between sufficient monomer concentration for mechanical
integrity and preservation of high interfacial tension is there-
fore necessary to maintain optimal hydrogel performance.
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Conclusion

In summary, we have developed a novel approach to synthesiz-
ing conductive hydrogels by leveraging the spontaneous exfo-
liation of graphite to graphene at an oil-water interface. This
self-assembled graphene network enables electrical percolation
at low graphite loadings, achieving conductivities up to
15 mS m™~ " and structural stability, even at low filler levels.
Our findings demonstrate that the mechanical and conductive
properties of the hydrogels are tunable through controlled
monomer and graphite concentrations, with the potential for
diverse applications in advanced technologies such as bioelec-
tronics, energy storage, and environmental monitoring. Future
research will focus on optimizing the mechanical properties of
these hydrogels and scaling up production to facilitate their
integration into practical applications, contributing to the
development of cost-effective, flexible, and conductive materi-
als for next-generation devices.

Experimental
Synthesis

50 mg of pristine graphite (Asbury Carbon, Nano24 grade, 1 pm
average flake size, >99% carbon, XRD shown in the ESI}) was
first put into a 20 mL glass scintillation vial. The vial was
charged with 40 pl of DVB and 6 mL n-heptane (Fisher Scien-
tific, 99% Optima), followed by bath sonication for 5 min to
break up any large particles (Branson 80W B2510DTH). In
another flask, 1 g of N-(hydroxymethyl) acrylamide and
0.003 g of N,N’-methylenebis(acrylamide) were dissolved in
4 ml of water. The two solutions were mixed, and the system
was tip-sonicated for 2 min to exfoliate the graphite sheets and
distribute the sheets about the interface and create emulsion
spheres. The emulsion was cured at 75 °C for 5 hours. Compo-
sites with different ratios of monomer and graphite were made
using the same method.

Conductivity measurements

A two-point probe method using a Keithley picoammeter-
voltage source (model 2420) was used to measure the electrical
conductivity of the hydrated composite at room temperature.
The hydrogel was embedded into two parallel copper electro-
des, and then two copper wires were connected to the electro-
des. Then, electrodes were connected into an electrical loop.
The voltage varied from 0 to 0.01 V, and the current was
measured. The volume resistivity (p) was calculated from the
I-V curves by taking into account the geometrical characteris-
tics of the sample:

p=R x AlL

where R is the slope of the I-V curve, A is the area of the sample,
and L is the distance between electrodes, corresponding to the
thickness of the sample.

Electrical conductivity (o) was calculated as the inverse of
the resistivity (p):

This journal is © The Royal Society of Chemistry 2025
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Scanning electron microscopy

The composite morphology was examined by field emission
scanning electron microscopy (JEOL 6335 FESEM). Samples
were quickly flash frozen in liquid nitrogen, dried under a
vacuum, and then coated with a thin layer of platinum (~3 nm
thickness). The sample’s surface was analyzed at an accelerated
voltage of 5 kV.

Thermogravimetric analysis (TGA)

The composites were studied using TGA Q500 (TA Instruments)
under a nitrogen atmosphere at a 10 °C min~ " heating rate.
Before measurement, samples were dried in an oven and then
ground with a mortar. Samples ranging between 10 and 30 mg
in weight were added to platinum pans and heated from 25 to
800 °C.

Rheological characterization

Dynamic rheological measurements of the hydrogels are per-
formed using an AR2000 Rheometer (TA Instruments Inc.) with
a 40 mm parallel plate-plate geometry. The gap between the
upper plate and the sample dish was set by moving the upper
plate approximately 2 mm above the sample’s surface. The
upper plate was lowered very slowly (5 um s~ ') while monitor-
ing the normal force, stopping at a limit normal force of 0.1 N.
After the upper plate stopped, the normal force was allowed to
equilibrate to a constant value. The test methods employed
were oscillatory stress sweep and frequency sweep. Operated
tests recorded the storage modulus G’ and the shear loss
modulus G”.

Swelling measurements

The composite hydrogels were placed in excess water at 80 °C.
The swelling ratio was measured by weighing the gel samples
before and after hydration.

Emulsion sphere size measurements

The sphere size of the dispersed water and monomer phase was
determined using a DT-1202 acoustic and electroacoustic
spectrometer from Dispersion Technologies Inc. Ultrasound
attenuation spectra in the frequency range from 1 to 100 MHz
were analyzed with Dispersion Technology software for polydis-
perse emulsions to obtain the sphere size distribution.*®

Interfacial tension

The interfacial tension of the aqueous solution/heptane was
measured with a Thermo Cahn 322 Dynamic Contact Angle
Analyzer (DCA).

Data availability

The data supporting this article has been included as part of
the ESL¥
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