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ABSTRACT: Polymer electrolyte membrane fuel cells have
recently attracted considerable attention as sustainable and eco-
friendly electricity generation devices from the viewpoint of carbon
neutrality. This study focuses on new discoveries related to the
application of eggshell membranes to polymer electrolytes in the
development of cheaper, more eco-friendly fuel cells. We observed
the electricity generation of the fuel cells using an eggshell
membrane as a proton-conductive material and a general carbonic
acid aqueous solution. This new fuel cell will contribute to the
continued improvement of available fuel cells at lower costs.

■ INTRODUCTION

Recently, renewable energy systems have been developed to
reduce carbon dioxide emissions as part of a global effort to
achieve carbon neutrality. Among these techniques, polymer
electrolyte membrane fuel cell (PEFC) technologies, which
generate electric energy via proton generation supported by a
Pt catalyst on the cathode, proton conduction through the
polymer membrane, and water generation by the combination
of protons with oxygen on the anode,1 have been most widely
employed for energy loss reduction in both household2 and
automotive3,4 applications. Conventional PEFCs contain
Nafion, a perfluorosulfonic acid polymer membrane developed
by DuPont, as proton-conductive membranes and exhibit a
proton conductivity of 1 × 10−1 S cm−1, even at 70−90 °C
under hydrous conditions. However, new membranes sub-
stituted for Nafion require wider testing, because conventional
PEFC with Nafion has low thermal stability (glass transition
temperature of Nafion is approximately 100 °C) and requires
soaking in strong acid. The polymer is also environmentally
burdensome due to combustion.5 Therefore, we explored a
new candidate for PEFC membrane to meet above demands.
In this study, we employed a chicken eggshell membrane as

the PEFC membrane. The eggshell membrane is nanoporous,
is thinner than other avian membranes,6−8 and is composed of
insoluble protein fibers abundant in amines and amides,9

offering proton conductivity without crossover of fuel. In
addition, eggshell membranes have high thermal stability, CO2
absorption,10 and excellent eco-friendly recyclability for use in
cosmetics, fertilizers, and food processing. Therefore, they
show promise as PEFC membranes due to their cost-
effectiveness and easy availability as organic support materials.
This work reports the development of a fuel cell utilizing a

carbonic acid aqueous solution as a new fuel supplement for
electricity generation and describes the fabrication of a new
solid electrolyte comprising an eggshell membrane, showing
that the amount of generated electricity is sufficient for lighting
up red and blue LEDs.

■ RESULTS AND DISCUSSION
First, thermogravimetric analysis was conducted to evaluate the
thermal stability of the eggshell membrane. Figure 1 shows
thermogravimetric (TG), differential thermal analysis (DTA),
and derivative TG (DTG) curves of the eggshell membrane.
The initial mass loss of approximately 10% observed in the TG
curve was ascribed to moisture evaporation, and TG and DTG
showed a constant mass area corresponding to the thermal
stability region of the eggshell membrane protein (<250 °C).
The DTA curve showed an endothermic peak at 340 °C,
corresponding to eggshell membrane degradation, although no
endothermic peak was derived from denaturation. Further-
more, differential scanning calorimetry (DSC, Figure S1)
shows no peaks ascribed to glass transition between 30−230
°C. These results indicate that this membrane has novel
thermal stability.11

Next, the structural stability of the eggshell membrane was
investigated by using IR measurement. Figure S2 reveals a
broad peak (amine, 3200−3500 cm−1),9 two distinct peaks
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(amide, 1652 and 1385 cm−1),9 and another single peak (S−C
in cystine, 661 cm−1).12 Signals were also observed at 4.824,
3.780, and 1.263 ppm in the 1H MAS spectrum, indicating that
hydrogen-bonding protons13,14 in water were present in the
eggshell membrane (Figure S3). In addition, peaks were
attributed to cystine (37−43 ppm),15 lipids (51.91 and 58.03
ppm),16 and carbonyl groups of proteins (172.14 ppm)16 in
the 13C CP MAS spectrum (Figure S4). Therefore, the
structural order of the eggshell membrane was maintained by
hydrogen bonding and cystine.15 This means that the
structural stability originating from the S−S bonds in the
cystine and side chain hydrogen bonding greatly contributes to
the secondary and tertiary structure of proteins.15 These side
chains, such as carboxylate groups of aspartic acid and glutamic
acid,17 are expected to function as proton migration sites.18

Moreover, the diffusion reflectance spectrum (Figure S5) was
similar to that previously reported.19 These results mean that
the membrane was obtained without damage or denaturation.
Finally, the morphologies of the eggshell membrane were

observed by scanning electron microscopy (SEM). Figure
S6a,b suggests that the eggshell membrane structure was
maintained after Pt-coating, and the thickness of the
membrane was ca. 40 μm (Figure S6c,d), which was smaller
than that of the ostrich eggshell membrane (ca. 100 μm).8

According to the energy dispersive X-ray (EDX, Figure S6e,f)
spectrum, no calcium was observed on the eggshell membrane
due to removal of CaCO3 by acetic acid. However, Pt catalyst
on the eggshell membrane could not be observed because of
low loading (30 μg cm−2). In addition, the nanosized pores
were too small to observe,20 indicating that the tiny pores
could generate electricity stably because of prevention of
crossover.
Performances of the Eggshell Membrane for Electric

Power Generation. Figure 2a shows a Pt-coated eggshell
membrane, in which the center (1 cm × 1 cm) can generate
electricity by supporting the Pt coating on the membrane. As
shown in Figure 2b, electricity was generated in the Pt-coated

membrane, absorbing a few drops of aqueous carbonic acid
solution without dissolution. Moreover, the eggshell mem-
branes immersed in pure water showed a proton conductivity σ
of 1.4 × 10−4 S cm−1, although the conductivity of the dry
eggshell membrane was 7.3 × 10−5 S cm−1 (Figure 3). These
conductivities were lower than those of the hydrophilic proton
conductive materials (sulfonated ostrich eggshell membrane,
4.8 × 10−2 S cm−1;21 cellulose nanofiber membrane, 8 × 10−4 S
cm−1;22 and Nafion membrane, 7.8 × 10−2 S cm−1 at RH 80%,
∼10−3 S cm−1 at RH 20%23,24) because of the hydrophobicity
of the eggshell membrane.25 However, the conductivities of
eggshell membranes were higher than that of a cellulose
nanocrystal membrane (5 × 10−5 S cm−1).22

Power Generation Performance of the Fuel Cells
Using the Eggshell Membrane. Figure 4a,b shows the I−V
curves and the power generation performance of the fuel cells
using the eggshell membrane under the effects of the operating
temperature (5−35 °C). This demonstrates that the rate of the
electricity-generation-responsible reaction, and hence the
efficiency of electricity generation, increased with increasing
temperature. In addition, the power of the cell gradually
decreased from the initial level of 20 μW/cm2 to 5 μW/cm2

after 30 days, indicating that the durability was sufficient for
fuel cells.

Figure 1. TG (blue), DTA (green), and DTG (red) curves of the eggshell membrane.

Figure 2. Pt-coated membrane (a) and preliminary testing for
electricity generation (b).
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Next, the fuel cell using a carbonic acid aqueous solution
showed the effect of Ar/air switching on electric power
generation. As shown in Figure 5, the fuel cells exhibited

powers of 11−13 μW in air. However, the power declined to 4
μW under the Ar flow. In this case, the power declined to 4
μW upon Ar introduction, likely because a small amount of
oxygen generated at the anode passed through the membrane
and reached the cathode. We explained a plausible mechanism
based on these results (eqs 1−3):

→ + + ++ −Anode: H CO 1/2O CO 2H 2e2 3 2 2 (1)

+ + →+ −Cathode: 2H 1/2O 2e H O2 2 (2)

→ +Total: H CO CO H O2 3 2 2 (3)

Proton, produced by the conversion of carbonic acid H2CO3 as
fuel at the anode, was conducted through the eggshell
membrane toward the cathode. At the cathode, proton and
oxygen converted into H2O in the presence of air flow.
Although CO2 was not directly involved in the chemical
reaction and electricity generation, CO2 dissolved in the
aqueous solution increased its reactivity toward the catalyst,
resulting in electricity generation. We suggest that the hydroxyl
groups of carbonic acid coordinate to the metal catalyst,
followed by proton detachment and electron migration.
The efficiency of electricity generation was not high because

the Pt coverage area and loading were only 1 cm2 and 30 μg,
respectively.26 However, three and five units in series could
exhibit a voltage sufficient to light up red and blue LEDs for 30
days, respectively, based on the fact that a voltage of ∼0.8 V
per unit could be achieved (Figure 6).

■ CONCLUSION
In conclusion, although the electricity generation of the
eggshell membrane was lower than that of Nafion, our new fuel
cells may contribute to the development of devices such as
electric vehicles,27 from the viewpoint of availability, low cost,
and eco-friendliness. However, the PEFC with the eggshell
membrane generated lower power density than PEFC with
Nafion. This was caused by the small-sized cells and a small
amount of Pt catalyst (30 μg cm−2). In the case of Nafion, 1 g
of Pt catalyst could be loaded on the membrane because of the
plasticity of Nafion. We will fabricate a Pt-coated eggshell
membrane/Nafion composite by hot-pressing Nafion with a
high loading of Pt catalyst onto the eggshell membrane. Also,
we will prove the detailed electricity generation mechanism of
the fuel cells using carbonic acid by time-resolved Pt LIII-edge

Figure 3. Proton conductivity measurement of eggshell membranes. Pt-coated eggshell membrane before (a) and after (b) soaking in pure water.

Figure 4. (a) I−V curves of the fuel cell using a Pt-coated eggshell membrane as an electrolyte membrane at four operating temperatures (5, 15, 25,
and 35 °C). (b) The effect of operation temperatures (5, 10, 15, 20, 25, 30, and 35 °C) on electricity generation performance.

Figure 5. Effect of Ar/air switching on electric power generation.
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X-ray absorption fine structure (XAFS) and in situ IR
measurements as future work.28 In the future, we intend to
further improve the device structure to be suitable for quick
electricity generation in emergencies from available carbonic
acid aqueous solutions. Also, the cost to assemble a fuel cell
using an eggshell membrane was just 0.2 cents per unit, and a
larger eggshell membrane, such as ostrich eggs, can be used for
upscaling purposes. We believe that these advantages will
contribute to the development of fuel cells at lower costs.

■ EXPERIMENTAL METHODS
Materials. All materials were used without further

purification. Acetic acid (99.7%) was purchased from Kishida
Chemical Co. Ltd. Wilkinson Tansan and carbon dioxide were
purchased from Asahi Soft Drinks Co., Ltd. and were used as
carbonic acid solution.
Preparation of the Eggshell Membrane. The liquid

content was first removed through a hole in the tip of a chicken
egg, and the empty eggshell with the membrane was immersed
in 30 wt % acetic acid aqueous solution for 1 day to dissolve
only the calcium carbonate shell (Figure S7a). Next, the top
and bottom of the membrane were cut off to leave a flat
rectangular area in the equatorial plane of the egg (Figure
S7b), while four square and flat membranes (3 cm × 3 cm)
were obtained using an acrylic resin template (Figure S7c).
Finally, the membranes were dried at room temperature
(Figure S7d). To characterize the membrane, we conducted
TGA, infrared, and diffuse-reflectance ultraviolet (UV) spec-
troscopy using a dry eggshell membrane. TGA was carried out
with TG/DTA7300 (HITACHI) from 30 to 500 °C at a
heating rate of 5 °C min−1 under N2. DSC was conducted on
DSC7020 (HITACHI) from 30 to 300 °C at a heating rate of
5 °C min−1 under N2. Infrared (IR) measurements were
carried out using an FT/IR-4100 instrument (Jasco). The IR
light irradiated on the membrane was measured in the
wavenumber region of 4000−500 cm−1 in air. Diffuse
reflectance UV spectroscopy was performed using a UV-3600
UV−vis−NIR spectrophotometer (Shimadzu) in air.
A Pt sputter coating was applied to both sides of the eggshell

membrane using magnetron sputtering equipment and a Pt
target. For coating, Pt (30 μg/cm2) was applied to both sides
of the membrane using an acrylic template with a 1 cm × 1 cm
square hole for 1 min. The voltage across the Pt-coated
membrane was confirmed with a multimeter when several
drops of carbonic acid aqueous solution were added to one
side of the membrane.

Scanning Electron Microscopy (SEM) Equipped with
Energy Dispersive X-ray Spectroscopy (EDX) Character-
ization. SEM was performed on JCM-6610 (JEOL), where
the voltage was set to 15 kV. The samples on carbon tapes
were sputtered with gold in vacuo for 2 min and three times,
and then SEM images of samples were taken under high
vacuum. EDX was performed with a silicon drift detector
(JED-2300, JEOL) energy dispersive spectrometer equipped
with SEM.

Proton Conductivity Measurement of the Eggshell
Membrane. We calculated the proton conductivities of the
Pt-coated membrane in the thickness direction using the
electrochemical impedance spectra (EIS). Symmetric cells
were assembled using the eggshell membranes soaked in pure
water at a loading force of 3 kgf/cm2. EIS measurements were
performed using cells with the eggshell membranes on an LCR
meter (HIOKI-IM3536) in the range of 1−500 kHz. We
calculated the proton conductivity σ from the inverse of the
resistances using the following equation:

σ = L
RS

L, R, and S are the membrane thickness, resistance, and surface
area (1 × 1 cm2), respectively.

Power Generation Performance of the Fuel Cells
Using the Eggshell Membrane. The Pt-coated membrane
was fixed to a current-collector board using double-sided
conductive tape. First, we placed the tapes (width, 1.5 mm;
length, 3 cm) on the membrane in a grid pattern (Figure S8a).
We then assembled fuel cells using current-collector boards
with a taped Pt-coated membrane (Figure S8b). Membrane
aging was recorded using multimeters and a video camera for
120 min (Figure S8c). The open-circuit voltage Voc (mV),
short-circuit current Isc (μA), and maximum output Pmax (μW)
were measured with a multichannel recorder at 1 min intervals
to collect data for the I−V curves.
An aqueous solution of carbonic acid was introduced to the

anodes of the four fuel cells at 5, 10, 15, 20, 30, and 35 °C. The
power output was obtained on the basis of the current and
voltage recorded during the I−V measurements for 120 min.

Effect of Ar/Air Switching on Electric Power Gen-
eration of the Fuel Cell. We assembled fuel cells with Ar
lines connected to the cathode to test the effect of Ar or air
flow on electric power generation. As shown in Figure S9, the
fuel cells were encased in a box equipped with lines to
alternately supply the cathode with Ar and air. The short-
circuit current Isc (μA), Voc (mV), and I−V properties were
measured while passing Ar and air through the case alternately.
This procedure was repeated four times.
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Figure 6. LED operation enabled by direct carbonic acid−mediated
electricity generation. (a) A red LED (forward voltage VF = 2.0 V,
forward current IF = 20 mA), and blue LED (VF = 3.2 V, IF = 20 mA)
lit up by three and five cells in series, respectively. The equivalent
circuits were assumed below (a) and (b), respectively.
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