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A rollable ultra-light polymer electrolyte membrane
fuel cell

Taehyun Park1,2,5, Yun Sik Kang2,5, Segeun Jang1,3,5, Suk Won Cha1, Mansoo Choi1,3 and Sung Jong Yoo2,4

We have developed a highly flexible, ultra-light and thin polymer electrolyte membrane fuel cell that can be used as a portable

power source for flexible electronics. To achieve such flexibility and ultra-lightness, we fabricated a thin flow-field plate using

a thermal imprinting process and combined it with a laser-machined metal current collector. The air-breathing fuel cell, with

a thickness of 0.992 mm and a weight of 2.23 g, demonstrated a total power of 508 mW and a performance degradation of

o10% after severe bending fatigue (200 repeated bends). This high power per weight (0.228 W g−1) and robust bending

durability have never been observed before. The highly flexible architecture enabled the operation of the fuel cell in an S-shape

or even in a rolled-up state without any significant performance loss. We have fabricated a cylindrical planar stack of 10 fuel

cells and successfully carried out its outdoor operation to demonstrate its practical applications in various fields.
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INTRODUCTION

The capability of fabricating small, flexible and lightweight power
sources is key to cope with the increasing demand for current and
future portable electronics. Flexible electronics are considered the next
ubiquitous platform due to their potential applications in the military,
wearable computers and smartphones, biomedical diagnostic devices,
roll-up displays and electronic paper.1–10 Because portable electronics
require not only state-of-the-art electronic engineering but also flexible
and bendable power sources, extensive efforts have been made to
meet such technological demands including flexible supercapacitors,
secondary Li-ion batteries and fuel cells.11–15 While supercapacitors
obtain high power density by sacrificing energy storage and secondary
Li-ion batteries have reached their theoretical maximum energy
density, fuel cell technology still has the potential to increase both
power and energy density.16 Therefore, fuel cell technology could be
the next-generation portable power source for the flexible electronics
of the future.
In this regard, flexible fuel cell designs have been reported several

times. Miniaturized flexible fuel cells with high power density based on
micro-electro-mechanical systems technology have been proposed, but
they have some practical limitations such as difficulty in scale-up and
high manufacturing cost.17–21 Subsequent research has attempted to
resolve such problems by using low-cost, facile processing techniques,
including soft lithography employing commercially available polymers

and electrically conductive materials.22–29 Although these reported
materials have shown potential as portable power sources, the
technology in such reports was not sufficient to be adopted in current
and future flexible electronics due to thick and heavy device
construction, low power output, stacking issues or high catalyst
loading. In particular, bending-induced mechanical strain, which
increases linearly with thickness, can damage the membrane-
electrode assembly (MEA) and reduce the long-term durability of fuel
cells.22,29 Therefore, flexible fuel cells should have a geometry
sufficiently thin to both avoid strain damage and maintain high
structural degrees of freedom.
In this study, we report rollable ultra-light fuel cells (RUFCs) with

two operation types: air-breathing (passive) and active. The
air-breathing RUFC was composed of an anode flow-field plate,
anode/cathode current collectors, gas diffusion layers (GDLs) and a
catalyst-coated membrane with a total thickness of 0.992 mm and
a weight of 2.23 g. For the active RUFC, only one component,
a cathode flow-field plate, was added to the air-breathing RUFC. By
employing a thermal imprinting method with a thin polycarbonate
(PC) film, we achieved well-defined flow-field plates with an effective
distribution of reactants and high flexibility. In addition, with the
aid of a facile laser-machining process with stainless steel sheets,
a metal current collector with excellent gas permeability, electrical
conductivity and low flexural rigidity was utilized in this work.
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EXPERIMENTAL PROCEDURES

Fabrication of the flow-field thin film and metal grid current
collector
The flow-field thin film was prepared using a thermal imprinting process. First,
we fabricated a flow-channel stainless steel mold using a computerized
numerical control milling machine, with a channel depth, width, and height
of 0.5, 1, and 1 mm, respectively. A PC film (200 μm thick) was placed on
the flow-channel stainless steel mold and hot-pressed under hydrostatic
pressure (5 MPa) at 150 °C for 10 min. After lowering the temperature
to 60 °C, the flow-channel-patterned thin film was removed from the stainless
steel mold. To make the inlet and outlet of the gases, two holes were drilled
at the ends of the flow channel. The metal grid was fabricated based on the
laser cutting process of a thin stainless steel sheet (50 μm thick) with a square
mesh size of 1× 1 mm, and the 20 nm thick gold film was sputtered onto
the metal grid using a commercial sputtering system (AT12, A-Tech System,
Incheon, Republic of Korea). The pressure of the Ar gas, direct current (DC)
sputtering power and target-to-substrate distance were 0.67 Pa, 100 W and
8 cm, respectively.

MEA preparation and fabrication of the ultra-light rollable fuel cell
The MEA was prepared using the following steps. First, a Nafion 212
membrane (DuPont, Wilmington, DE, USA) was employed as a proton-
conducting electrolyte without pretreatment and mounted on a suction-type
hot plate while the temperature was maintained at 80 °C. The catalyst ink for
the anode and cathode catalyst layers was prepared by mixing deionized water
(18.2 MΩ cm, Millipore), 5 wt% Nafion solution (DuPont) and isopropyl
alcohol (Sigma-Aldrich, St Louis, MO, USA) with 40 wt% Pt/C (Johnson
Matthey, Royston, UK). The prepared catalyst ink was blended using a vortexer
and ultrasonic treatment and then sprayed onto the anode and cathode sides of
the mounted Nafion 212 membrane (DuPont). The Pt loading of the as-
fabricated catalyst-coated membrane was 0.45 mg cm− 2 at each electrode, and
the active geometric areas of the MEAs were set to 9.0 cm2. After this process,

the catalyst-coated membrane was placed between two GDLs (carbon paper
10BC, SGL Carbon, Wiesbaden, Germany) and hot-pressed under hydrostatic
pressure (10 MPa) at 120 °C for 10 min. Finally, the ultra-light rollable fuel cell
was assembled by stacking the flow-field thin film, gold-coated metal grid and
homemade MEA using a thin adhesive sealant tape (50 μm thick, 3 M). This
assembly was hot-pressed under hydrostatic pressure (1 MPa) at 60 °C for
better adhesion of each component.

Fabrication of the ultra-light rollable fuel cell stack
The planar fuel cell stack was fabricated using 10 fuel cells, arranged with a two
column×five row structure. The anode of one fuel cell was connected to
another fuel cell to increase the total voltage via a series connection. This planar
fuel cell stack was intentionally bent into a cylindrical shape. Dry H2 was
supplied into the inside of a cylinder-like fuel cell stack. To demonstrate the
fuel cell stack operating outside, an H2-storing metal hydride cartridge
(Hydrostick, Horizon, Singapore) was used.

Electrochemical characterization
The as-fabricated fuel cell was mounted on a vise to bend it, and
the performances were measured at two shapes: flat and bent with a radius
of 2 cm. The volumetric flow rates of H2 and air into the fuel cell were
both 200 cm3 per min. Each gas was supplied with the relative humidity (RH)
of 94% at 25 °C. The wet/dry cycle test was performed by switching the
RH values of the H2 and air gases from 100 to 0%, while open-circuit
voltages (OCVs) and the power densities at 0.6 V vs reversible hydrogen
electrode (RHE) of the active RUFC were recorded at the same time. Each wet
or dry step was maintained for 10 min, and the cycle was repeated six times.
After completing the last cycle, the RUFC was operated with dry gases for
20 min to examine the feasibility of dry operation. The air-breathing RUFC was
operated under atmospheric conditions (RH of 30% at 25 °C). The single cell
performance and the corresponding electrochemical impedance spectra (EIS)
were measured using a Solartron 1260/1287 (Solartron Analytical, Hampshire, UK).

Figure 1 Schematic illustrations for the fabrication procedure of the RUFCs. (a) Fabrication of the flow-field thin plate through thermal imprinting with the
PC film. (b) Flow-channel-patterned PC film. (c, d) Stacking and assembling the components of the air-breathing (upper) and active RUFCs (lower). Digital
camera images of the (e) flow-channel-patterned PC film and the (f) completed air-breathing and (g) active RUFCs. CCM, catalyst-coated membrane; GDL,
gas diffusion layer; RUFC, rollable ultra-light fuel cell.
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Before measuring the performance, the cell was activated by measuring the
polarization curves repeatedly from an OCV to 0.25 V in potentiodynamic
mode with a voltaic sweep rate of 15 mV per s. Immediately after measuring the
polarization curve, the corresponding EIS data at 0.5 V vs RHE were measured
by applying a sinusoidal input with an amplitude of 30 mV to monitor the
current response. The frequency range was 105–10− 1 Hz, from high to low
frequency. The RUFC was then repeatedly bent 10, 100 and 200 times, with a
bending radius of 1 cm in this deliberate bending process. The RUFC was then
characterized again after the repeated bending by following the same process
as above.
The long-term durability of the active RUFC was also evaluated. During

the long-term operation, polarization curves were measured repetitively from
OCV to 0.25 V in potentiodynamic mode with a sweep rate of 15 mV per s.
Fully humidified H2 and air gases were supplied to the anode and cathode of
the active RUFC, respectively, and the test was repeated for 120 h. After 120 h
of continuous operation, OCVs and maximum power densities of the active
RUFC were examined.

RESULTS AND DISCUSSION

Figure 1a–d show the two-step fabrication procedure of these RUFCs:
(a) fabrication of the flow-field thin plate through thermal imprinting
with PC films and (b) stacking and assembling the components of the
RUFCs. For the air-breathing RUFC, an anode flow-field thin plate,
anode/cathode metal grid current collectors and a custom-built MEA
were used. For the active RUFC, a cathode flow-field plate was added
to the air-breathing RUFC to control the air flow to the fuel cell
(see ‘Experimental Procedures’ for more details). Figure 1e–g show
digital camera images of the fabricated products after each step. The
flow-channel-patterned (3× 3 cm) PC film (thickness of 200 μm)
showed high structural pattern fidelity due to the use of a thermal
imprinting method. The total RUFC size was set to 5.5 × 5.5 cm for
robust assembly and to minimize the gas crossover by securing
sufficient adhesive area (Figure 1e). This transparent, large-scale and

Figure 2 Polarization curves for the (a) active and (b) air-breathing RUFCs before and after the repeated bending test and the corresponding electrochemical
impedance spectra at 0.5 V vs RHE (c, d). Comparison of open-circuit voltages and maximum power densities of the (e) active and (f) air-breathing RUFCs
before and after the repeated bending test. RUFC, rollable ultra-light fuel cell.
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thin patterned PC film served as a flow-field plate to enable the
fabrication of fuel cells with high flexibility, superior power per weight
and low-cost production (Figure 1e). A layer of current collectors with
a thin stainless steel grid (line width 100 μm, mesh size 1 × 1 mm
and total thickness 50 μm) provides good flexibility and high gas
diffusibility. Furthermore, a coating of gold onto one side of the
stainless steel grid (20 nm thick) provides better electrical contact
between the GDL and the current collector. Our RUFC systems could
not utilize the external pressure from the endplate clamping typical
in conventional fuel cells;30 and therefore, we hot-pressed a catalyst-
coated membrane between two GDLs to avoid dislocation during
bending and rolling. Furthermore, this hot-pressing procedure reduces
the internal resistance and overall thickness of the MEA.31 The
completed air-breathing and active RUFCs showed good device
integrity for flexible portable usage (Figure 1f and g). Additional
details about the fabrication of these devices can be found in
‘Experimental Procedures’.
Figure 2a–d show the polarization curves and corresponding EIS.

The initial OCVs of the active and air-breathing RUFCs were 1.00 and
0.960 V, respectively, which are close to the theoretical voltage of
a H2-air fuel cell. Therefore, the anode and cathode of the RUFCs
were fully polarized by H2 and air, and the gas barrier was sealed
well.32,33 The stoichiometry numbers of H2 and air were 11.5 and
4.8 in the anode and cathode, respectively, as the RUFC operates at
2.5 A (the maximum current measured). The reason for such high
stoichiometry numbers is to evaluate the maximal performance of the
newly devised fuel cell. The active RUFC exhibited higher performance
than the air-breathing cell, with maximum power densities of 89.2
(total 803 mW) and 56.4 mW cm− 2 (total 508 mW), respectively,
when bent with a radius of 2 cm (Figure 2a and b). These values are
because the supply of air in the active RUFC is abundant because
of forced convection, resulting in enhanced H2 and O2 diffusion into
each GDL, which cannot be expected for the natural convection in the
air-breathing RUFC, as observed previously.34,35

Durability against repeated bending is one of the crucial factors in
all flexible electronics. Therefore, we performed repeated bending tests
to examine their fatigue durability. Four cases (0, 10, 100 and
200 bending cycles) were set up, and the electrochemical character-
istics for each case were investigated. The performances of both the
active and air-breathing RUFCs did not decrease significantly with
repeated bending (Figure 2a and b). Even after 200 bending cycles, the
maximum power densities in both the active and air-breathing RUFCs
decreased by o10%. Although the cumulative bending cycles seem to
slightly lower the OCV (0.960–0.890 V) of the air-breathing RUFC,

it is supposed that such decrease would have occurred from the
deteriorative sealing state by bending fatigue. However, the variation
of the performance reveals that such decrease in the OCV is not
a dominant factor in the performance of the RUFC. Both the
active and air-breathing RUFCs have shown high OCVs over 0.9 V,
which proves that our RUFCs are well designed and that there were no
sealing or packaging problems during their operation.32 In addition,
the results of a repetitive wet/dry test further prove the superiority
on sealing and packaging robustness, with high OCV values over
0.95 V indicating that crack formation and gas leakage had not
occurred during the test (Supplementary Figure S1). The power
density at 0.6 V vs RHE of the active RUFC in wet conditions
(RH 100% of air and H2 gases) is much higher than that in dry
conditions (RH 0% of air and H2), and this difference was maintained
throughout the repeated wet/dry tests. The RUFC even operates
without any significant performance loss under continuous dry
conditions immediately after the wet/dry test for 110 min
(Supplementary Figure S1). This result indicates that the other
components operate without any problems. To the best of our
knowledge, only one repeated bending test of flexible fuel cells has
been reported in previous literature,22 where the performance of that
fuel cell decreased continuously with bending for 4120 times.
Consequently, the as-fabricated RUFCs in this study are structurally
robust and thus can endure the external force generated when used
as flexible electronics, especially when compared to previous flexible
fuel cells. In addition to bending, electrochemical durability was
also tested (Supplementary Figure S2, Supplementary Table S1). It was
observed that even after 120 h of continuous operation, the OCVs of
the active RUFC remained very high (over 0.96 V), which indicates
that both electrodes of the active RUFC were well polarized and
that there were no leakage or packaging problems. In addition,
the maximum power densities of the active RUFC were also
maintained for 96 h of operation and decreased by only 14% after
120 h compared to those of a conventional polymer electrolyte
membrane fuel cell, which demonstrates the high long-term durability
of our RUFCs. There was no significant performance loss by
flooding due to two factors: the serpentine channel pattern and
the contact angle of the PC (See Supplementary Figures S3 and S4, and
additional discussion in Supplementary Information).
To quantitatively investigate the effect of repeated bending, the

EIS at 0.5 V vs RHE was measured (Figure 2c and d). The
ohmic resistance (Rohm) is theoretically generated from the ionic
transport resistance (Nafion membrane (DuPont) and ionomer in the
catalyst layer) and the external electrical resistance (bulk electrical

Figure 3 (a) Digital camera image of the active RUFC as it is bent. (b, c) Internal strain calculation results of 1 mm thick PC and 12 mm thick PDMS-based
flexible fuel cells. PC, polycarbonate; RUFC, rollable ultra-light fuel cell.
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resistance of materials and contact resistances between them), which is
indicated by the intercept of the semicircle on the EIS with the real
axis in the high frequency range. The charge transfer resistance (Rct) is
also calculated using the diameter of the semicircle at the middle and
low-frequency ranges, which is caused mainly by electrochemical
resistance from the cathode reaction.36,37 These spectra clearly
visualize why the performance of the active RUFC is higher than
that of the air-breathing one. Both the Rohm and Rct of the active
RUFC are lower than those of the air-breathing one. The lower Rohm

of the active RUFC compared to the air-breathing one arises from
the structural integrity due to the presence of the cathode flow-field
plate. If the active RUFC is bent, it will generate higher compressive

stress onto the MEA than the air-breathing one and will decrease
the contact resistance at all componential interfaces. Such phenomena
can be found in other studies.22,23 The lower Rct of the active RUFC
accounts for the better air supply by forced convection in the active
RUFC than the natural convection of air in the air-breathing
RUFC.34,35 In addition, the lower RH in the air-breathing RUFC by
directly exposing the GDL to ambient air could be another cause of
the higher Rohm and Rct values. When comparing the values of
Rohm and Rct before and after the bending test, the Rohm and Rct values
of both RUFCs were found to change by only a small amount,
in accordance with the performance changes discussed above
(Figure 2e and f). A bending-induced mechanical strain has been

Figure 4 Digital camera images of (a) the weight and (b) thickness of the air-breathing RUFC. Comparison of RUFCs with other flexible fuel cells from other
studies in terms of power per weight, power per catalyst loading and area per thickness. (c, d) for the active and (e, f) for the air-breathing RUFCs. RUFC,
rollable ultra-light fuel cell.
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reported to damage and degrade the MEA.22,29 Considering that
the strain is proportional to the overall thickness, the bending
durability of the RUFCs arises from their extremely thin design
and strong metal grid current collectors with low flexural rigidity.
Because the thicknesses of the flexible fuel cells in previous
studies were 12 mm, more strain would be generated, and the
bending durability was thus not of high quality.22

To compare the internal strain distribution of the RUFCs with
those of previously reported flexible fuel cells, the lateral strain
distributions of thick and thin fuel cells were calculated using
COMSOL finite element analysis (Figure 3). The strain of the RUFC
at the center line where the MEA is located is clearly small (o1%),
while that of the thick fuel cell is relatively high (~10%). When thick
elastic materials (for example, polydimethylsiloxane (PDMS)) are
employed in flow-field plates to achieve high flexibility and conform-
ability, bending-induced lateral strain is thought to be inevitable
because of their lower Young’s modulus and thickness. In contrast,
when flexible fuel cells are fabricated on thin and tough plastic films
(for example, PC films as utilized in this study), lateral strains induced
by bending could be effectively suppressed by the ultra-thin structure
and relatively high Young’s modulus. Similar phenomena regarding
the thicknesses, Young’s moduli and resulting performance in
flexible electronics have been reported elsewhere.38,39 The detailed
simulation process and further discussion of the structural advantages
of the RUFC are explained with Supplementary Figure S5 in the
Supplementary Information.
Figure 4a and b show digital camera images demonstrating

the weight and thickness of the free standing air-breathing RUFC.

The total weight and thickness are ~ 2.23 g and o1 mm, respectively,
confirming that our RUFC is lightweight and ultra thin. The
performance of the active and air-breathing RUFCs in terms of their
power per weight and power per catalyst loading is also compared
with previous reports on flexible fuel cells (Figure 4c and d).
The active and air-breathing RUFCs show 42.5- and 5-fold increases
in power per weight, respectively, compared to the previously reported
flexible fuel cells. To compare the ability to ‘scale-up’ these RUFCs
with previously reported results (Figure 4e and f), we introduce here a
new volumetric performance factor, ‘area divided by thickness.’
The performance of the RUFCs clearly achieved not only the highest
power per weight, but also superior volumetric effectiveness for both
the active and air-breathing flexible fuel cells.17–29

Because of its extremely thin and highly flexible design, the RUFC
can be easily deformed to any desired shape. True to its name,
‘rollable,’ the RUFC can be rolled up (Figure 5a) or distorted into an
S-shape (Figure 5b) without significantly affecting its performance
compared to the undistorted values (that is, maximum power densities
of 54.2 and 48.1 mW cm− 2 for the rolled-up and S-shape, respectively,
Figure 5c). This high degree of structural freedom allows applications
in various environments such as epithermal, wearable or structurally
complicated devices.

Figure 5 Digital camera images of RUFCs with various shapes. (a) Roll-up
and (b) S-shape. (c) Polarization curves of roll-up and S-shape RUFCs.
RUFC, rollable ultra-light fuel cell.

Figure 6 Digital camera images of (a) a portable stack of the 10
air-breathing RUFCs, (b) the demonstration of charging a smartphone
and operating an electric LED fan with the stack and (c) outdoor
operation of an electric LED fan with the stack and H2-storing metal hydride
cartridge. (d) The polarization curve of the stack. RUFC, rollable ultra-light
fuel cell.
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Furthermore, we created a portable stack of 10 air-breathing RUFCs
(Figure 6a). The shape of the fuel cell stack was intentionally designed
to be circular to demonstrate its structural feasibility. The stacked
device charged a smartphone and operated an electric LED fan
simultaneously, successfully demonstrating its practical feasibility
(Figure 6b,Supplementary Movie Clip available online). This fuel
cell stack was made even more portable by using a metal hydride
cartridge to store H2. This portable stack system also successfully
operated an electric LED fan outside (Figure 6c) with a measured
OCV of 9.71 V and maximum power of 2.30W (Figure 6d) when
operated at room temperature (25 °C) with H2 and ambient air.
This power is lower than the value calculated from the maximum
power density of 56.4 mW cm− 2 in Figure 2b because the modular-
ization was not optimized for the prevention of current leakage or
the inhomogeneous distribution of H2, and highly dry H2 (stored in a
metal hydride cartridge) was used.40 Still, a power level usable for
the operation of practical electronics gives us further insight into a new
type of portable and flexible power sources.

CONCLUSIONS

We have demonstrated the fabrication and practical application of
RUFCs for flexible electronics. Using well-defined thin flow-field
plates, highly conductive and gas-permeable current collectors, and
custom, hot-pressed MEA, we successfully constructed ultra-light and
thin fuel cell devices. The as-fabricated RUFCs exhibited the highest
power-per-weight values among previously reported flexible fuel
cells and stable operation even in various deformed shapes such as
rolled-up and S-shaped geometries. In addition, a portable, flexible
planar stack composed of 10 air-breathing RUFCs was manufactured
and utilized as a power source for charging and operating
conventional electronic devices. With this novel approach, our RUFCs
not only are potential next-generation portable power sources, but
also suggest new designs for materials and systems for future flexible
electronics.
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