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Abstract: This communication introduces a new flexible elastomeric composite film, which can
directly convert the chemical energy of glucose into electricity. The fabrication process is simple, and
no specific equipment is required. Notably, the liquid metal Galinstan is exploited with a two-fold
objective: (i) Galinstan particles are mixed with polydimethylsiloxane to obtain a highly conductive
porous thick film scaffold; (ii) the presence of Galinstan in the composite film enables the direct
growth of highly catalytic gold structures. As a first proof of concept, we demonstrate that when
immersed in a 20 mM glucose solution, a 5 mm-long, 5 mm-wide and 2 mm-thick sample can generate
a volumetric power density up to 3.6 mW·cm−3 at 7 mA·cm−3 and 0.51 V without using any enzymes.
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1. Introduction

Considering the ever-increasing demand for thin, lightweight and compliant electronic
systems, recent research efforts have been made to develop correspondingly miniature power
sources (e.g., see [1] and the references therein). For healthcare- and/or biomedical-related
applications, bioelectrochemical energy sources are an attractive option. Efforts in this field, however,
have predominantly focused on the development of enzyme-based configurations [2–4]. Enzymes
can for instance be efficiently employed to generate a useful amount of electricity from lactate [5,6]
or glucose [7,8] at concentrations that can be found in body fluids (e.g., sweat, blood, tears, etc.).
Nonetheless, it is well recognized that the limited stability of enzymes poses great challenges for
applications targeting long periods of operation (e.g., cardiac pacemakers) [9,10]. Alternatively,
porous gold (PG) appears as a promising option for developing new electrodes featuring longer term
stability. PG can indeed directly convert the chemical energy of glucose into electricity without using
enzymes [11]. The hydrogen-assisted electrodeposition technique (HAET) is one of the fastest and
most affordable methods recently discussed to fabricate PG electrodes [12]. Most works that discussed
the HAET, however, reported PG electrodes with rather small geometrical dimensions [11,13]. To the
best of our knowledge, the possibility to upscale the HAET to fabricate enzyme-free PG electrodes that
could meet the power budget of real electronic devices remains to be demonstrated.

In this perspective, the liquid metal Galinstan might offer an alternative to the HAET for creating
PG electrodes. Galinstan is a room temperature eutectic alloy composed of gallium, indium and
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tin. Beyond the fact that Galinstan is highly conductive and can be used to create innovative
flexible/stretchable electronic systems (e.g., see the applications and examples reviewed in [14]),
another distinctive feature of Galinstan is that it can be exploited to create liquid metal marbles;
namely, its silvery surface can be covered with different micro-/nano-particles or powders [15–17],
including gold structures [18].

Based on these recent findings, this short communication explores the possibility to fabricate
new PG electrodes by using Galinstan. Here, the use of Galinstan is two-fold. Firstly, Galinstan
inclusions are embedded into polydimethylsiloxane (PDMS) to fabricate a highly conductive porous
elastomeric composite scaffold. Secondly, the presence of Galinstan in the porous composite scaffold is
exploited to grow complex gold structures that can directly generate electricity when immersed in a
glucose solution.

2. Materials and Methods

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (Milan, Italy) and used
as received.

2.1. Fabrication of the Conductive Porous Elastomeric Scaffold

In a first step, Galinstan was mixed with PDMS (Sylgard 184, Dow Corning) in a way similar to
the one reported in [19]. Briefly, PDMS was first prepared in a 1:10 ratio of curing agent and PDMS
monomer. After degassing, 1 g of PDMS was gently mixed with 6.6 g of Galinstan (62% gallium,
22% indium and 9% tin by weight, Smart-elements) during 3–5 min until a homogenous viscous gray
composite was observed. About 1.5 g of the PDMS/Galinstan mixture was poured in a square plastic
box (2.5 × 2.5 × 0.64 cm) used as a mold. The box was gently inclined in all directions to obtain
a visually uniform layer. Compared to the protocol reported in [19], the additional following steps
were required to obtain a porous film. White sugar grains (average diameter estimated as ≈581 µm,
n = 15) were poured onto the PDMS/Galinstan film. The box was placed under vacuum for 5 min
to increase the penetration of the sugar grains into the composite. The sample was then placed in a
thermostatic oven (G-therm, Fratelli Galli) and heated at 60 ◦C for 1 h. The resulting solidified thick
film encompassing PDMS/Galinstan and sugar was detached from the box and placed in a beaker
containing ≈200 mL of water. The beaker was covered with a paraffin film (Parafilm M) and positioned
onto a hot plate (C-MAG HS7, IKA, Staufen, Germany) set to 80 ◦C. It was heated overnight under
continuous stirring to dissolve the sugar grains. The beaker was subsequently placed in a sonicator
bath (Sonorex Digitec DT106, Bandelin, Germany) for 1 h with the initial aim to remove any sugar
residues that might still be entrapped in the PDMS/Galinstan. At the end of the sonication process,
the water became grayish. The PDMS/Galinstan film was finally placed under a fume hood at room
temperature until complete drying.

2.2. Incorporation of the PG

For preliminary tests, only a small electrode was prepared. To that end, a small piece (SP) of the
PDMS/Galinstan film was cut with a scalpel. The SP cut was 5 mm long, 5 mm wide and 2 mm thick.
It was subsequently placed in a custom-made PDMS reservoir containing 2 mL of a 10 mM solution of
gold (III) chloride trihydrate (HAuCl4). It is noteworthy that we used here a concentration of HAuCl4
ten-times lower when compared to other works (e.g., [11]). A thin black-colored layer appeared on the
SP after a few minutes of coming in contact with the HAuCl4 solution. During the reaction, the latter
turned progressively from yellow to transparent. After ≈3 h, a faintly reddish-brown color started to
appear, and the SP was removed from the reservoirs. The final small PG electrode (SPGE) obtained
was dried overnight at room temperature prior to further tests.
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2.3. Microstructure Characterization and Instrumentation

The morphology of both the porous PDMS/Galinstan film and the SPGE was analyzed using a
scanning electron microscope (SEM, Helios NanoLab 600i, FEI). A layer of gold (≈5 nm) was deposited
onto the samples (Q150RS, Quorum) in order to enhance the quality of the images. Measures of
electrical resistance of the PDMS/Galinstan were performed using a digital multimeter equipped with
test leads (IDM 103N, ISO-TECH). For the electrochemical measurements, a stock solution of glucose
(20 mM) was prepared in a neutral phosphate buffer and allowed to mutarotate overnight before use.
This concentration was favored because it is representative of the glucose content that can be found in
the human body. Particularly, it mimics the glucose content in blood for pathological (hyperglycemic)
conditions [20,21]. The SPGE was used to catalyze glucose oxidation. It was immersed with a platinum
cathode (10 × 25 mm) in a beaker filled with 15 mL of the glucose solution. Platinum was selected
because it exhibits one of the highest oxygen reduction potentials in phosphate buffer pH 7 [22,23].
Polarization curve measurements were performed at room temperature (≈20 ◦C) using a potentiostat
(Autolab, Eco chemie).

3. Results and Discussion

The porous PDMS/Galinstan obtained (film thickness ≈2 mm) is presented in Figure 1.
Because the sugar was solely poured and not thoroughly mixed with the PDMS/Galinstan, the grains
roughened mainly the top surface of the film (i.e., the bottom surface was still a plain thin layer; see the
inset in Figure 1A). As can be seen in Figure 1B, however, the composite film featured a high degree
of flexibility.

Figure 1. (A) Top view of the porous PDMS/Galinstan thick film (inset shows the backside of the
sample); (B) image illustrating the flexibility of the PDMS/Galinstan composite; (C) top view of the
black-colored small porous gold electrode (SPGE) decorated with PG.

Normally, liquid metal inclusions in non-porous PDMS matrices do not inherently lead to
conductive elastomeric composites. One way to create localized conductive paths is to use mechanical
sintering, namely the application of a punctual mechanical force causes Galinstan droplets to rupture
and form electrical connections with neighboring inclusions [19]. On the contrary, we here noticed
that a high level of conductivity could be achieved without applying a concentrated surface pressure.
We indeed measured electrical resistance values ranging from ≈0.5 Ω to ≈6 Ω across the whole
top (i.e., porous) surface of the sample shown in Figure 1A,B. Comparatively, we obtained a much
higher electrical resistance by using a porous support matrix made of PDMS and carbon nanofibers
to create another sponge-like electrode [24]. We presently hypothesize that we here obtained a good
conductivity because two necessary conditions were met:

1. Sugar grains were utilized to create pores on the composite surface. It is likely that when the grains
penetrated into the PDMS/Galinstan, they actually came into contact and formed connections
with Galinstan inclusions. Although further investigation is required to better understand the
exact underlying mechanism, we postulate that the removal of the sugar grains enabled Galinstan
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dispersions to reconnect and exit the composite pores. SEM images analysis indeed revealed the
presence of Galinstan droplets in the vicinity of the pores (see Figure 2A).

2. A sonication step was performed at the end of the fabrication process. Although Figure 2A shows
the presence of Galinstan droplets on the rough surface of the composite film, they remained
isolated. As such, they could not form conductive paths. Nevertheless, we discovered that the
sonication step we initially performed to ensure a complete removal of sugar residues actually
broke the Galinstan. Liquid metal nanoparticles were previously created using sonication [25].
In our case, we observed the formation of thin films of Galinstan, which could spread across
wide surface areas (Figure 2B,C). Although the surface of the porous PDMS/Galinstan was not
entirely recovered by a continuous Galinstan thin film, multiple interconnected conductive paths
were created. It is likely that the morphology of the Galinstan thin films created was influenced
by the sonication power. Additionally, the sonication power might have played a critical role in
the amount of Galinstan inclusions that could be extracted from the PDMS/Galinstan matrix.
Indeed, it stands to reason that powerful ultrasound might alter the PDMS surface and release
additional Galinstan when compared to the initial amount released by the sugar grains. Further
investigation into the role of the sonication power will be conducted in the near future.

Figure 2. SEM micrographs of the porous PDMS/Galinstan thick film (see Figure 1A,B): (A) presence
of Galinstan droplets around a pore of the composite after the removal of the sugar grain (scale bar is
100 µm); (B) view showing the creation of a continuous conductive thin film of Galinstan (right part of
the image) after sonication (scale bar is 100 µm); (C) magnified view of the conductive thin film surface:
the typical high roughness (wrinkles) of the Galinstan oxide skin is clearly visible (scale bar is 20 µm).

Figure 3A demonstrates that the thin films of Galinstan created after sonication could be exploited
to grow PG. As seen in Figure 3B, highly branched gold structures appeared on the surface of the SPGE.
Interestingly, we observed feather-like structures similar to those reported by the HAET, even though
we used a concentration of HAuCl4 ten-times lower [11]. The numerous sharp edges of such dendrites
can drastically enhance catalytic activities [26–28].

Figure 3. SEM micrographs of the SPGE covered with PG (see Figure 1C): (A) PG obtained after
immersion of the porous PDMS/Galinstan in a HAuCl4 solution (scale bar is 100 µm); (B) magnified
view of gold dendrites obtained (scale bar is 3 µm).
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The performance of SPGE was then evaluated. Figure 4 shows the polarization curve (i.e., the I-V
profile) obtained (blue dashed line with squares). With no current flowing through an external load,
the open circuit potential was 0.9 V. As the current was increased, there was a linear region where
ohmic losses lowered the voltage. At a certain point, the voltage dropped more abruptly because of
mass-transfer limitations. These losses are due to the fact that reactants did not reach the electrocatalytic
sites [29].

Figure 4. Performance measured for the SPGE (see also Figure 1C) when immersed in a 20 mM
glucose solution: polarization curve (blue dashed line with squares) and power curve (green dotted
line with circles).

When normalizing with respect to the electrode projected surface area (PSA)—namely only
the rectangular base footprint of the SPGE is considered [30,31]—the highest surface power density
reached was ≈720 µW·cm−2 at ≈1400 µA·cm−2 and 0.51 V (for the sake of clarity, only the surface
current density is shown in Figure 4).

Performance evaluations based on the PSA, however, can be untrue (see the discussion in [30]).
Here, it appears of limited significance because it completely neglects the porosity of the SPGE.
Furthermore, trace amounts of Galinstan also appeared along the side edges where the scalpel
blade was used to cut the SPGE. Therefore, PG also tended to grow along the thickness of the
walls (2 mm) of the SPGE. Unfortunately, the PSA does not provide information with regard to the
true three-dimensional nature of the SPGE, including its thickness. As in [30], we believe it is here
more representative to rather consider the performance of the SPGE in terms of volumetric densities.
In this case, the power density achieved was ≈3.6 mW·cm−3 at ≈7 mA·cm−3 and 0.51 V. Importantly,
and independent of the normalized values favored, the net electrical power generated by the SPGE
was almost 180 µW. It was previously demonstrated that a net power of 105 µW generated at 0.35 V can
already be exploited to drive a cardiac pacemaker [21]. Because the fabrication process presented in this
communication appears easily scalable, we envision the possibility to use PDMS/Galinstan to create
PG electrodes with different dimensions that might be able to supply power to a variety of (flexible)
low-consumption electronic systems (e.g., implantables, wearables, but also wireless sensors, etc.).

4. Conclusions

Porous PDMS/Galinstan composites might open new perspectives for non-enzymatic glucose fuel
cells. In this communication, we have shown that such composites can be utilized to create innovative
electrodes. Two particular attributes of porous PDMS/Galinstan composites fabricated as presented
in this communication can be highlighted: (i) unlike Galinstan inclusions in flat (i.e., non-porous)
PDMS sheets, electrical conductivity can be achieved without mechanical sintering; (ii) they can be
used as a support to grow complex and highly catalytic gold structures. To the best of our knowledge,
the possibility to grow PG on such flexible elastomeric matrices has not been reported with the
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more established HAET. The first tests conducted with an electrode immersed in a 20 mM glucose
solution demonstrated the possibility to generate up to ≈3.6 mW·cm−3 at 0.51 V without using any
enzymes. Further research is now required to study the repeatability of the fabrication process. In the
near future, we also plan to assess more thoroughly the mechanical, electrical and electrochemical
properties of the new material. In this perspective, we are currently assembling a dedicated platform to
accurately bend and/or stretch the PDMS/Galinstan composite (with and without PG) in a repeatable
manner. Experiments are also on-going to further investigate the performance of the material at lower
glucose concentrations (e.g., 3.5–10 mM), as well as at different temperatures (e.g., body temperature).
Additionally, cyclic voltammetry tests and experiments over long periods of time will be carried out
soon. Finally, PG electrodes of different dimensions will be evaluated. Because the fabrication process
reported appears easily scalable, we indeed envision PG electrodes with long-term stability that might
meet the power budget of a plurality of low-consumption electronic devices.
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