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ABSTRACT: A proton exchange membrane fuel cell (PEMFC) system with a hydrogen
generator could have higher energy density than flexible batteries and supercapacitors and is
possible to meet the urgent demand of flexible electronics. However, a flexible PEMFC pack
is still not available due to the absence of a flexible hydrogen generator. To solve this
problem, we successfully invented a flexible and adaptable hydrogen generator, which was
realized by a new bifunctional aerogel catalyst with the abilities of both storing and producing
hydrogen. The flexible hydrogen generator can produce hydrogen at room temperature when the device is inverting, bending, and
rotating. By combining this flexible hydrogen generator and the unique flexible PEMFC stack of our group, we originally made a
highly flexible and adaptable fuel cell pack with a high theoretical energy density (up to 722 Wh·kg−1) and current achieved energy
density (135.9 Wh·kg−1). Such a PEMFC pack is highly promising to meet the high demand of flexible electronics.
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■ INTRODUCTION

Recently, flexible energy supplies have attracted growing
attention due to the increasing demand of flexible electronics,
such as wearable electronic displays, flexible smartphones, and
implantable medical devices.1−3 Current flexible energy supplies
are usually flexible lithium-ion batteries4−6 and flexible super-
capacitors.7−13 However, it is becoming increasingly difficult for
these flexible energy supplies to keep up with the increasing
energy demands of flexible electronic applications.14 The use of
flexible electronic applications is usually compulsorily inter-
rupted by the limited energy of batteries. Therefore, there is a
strong demand for a flexible energy supply with long-term
stability and light weight.15

A proton exchange membrane fuel cell (PEMFC) has great
advantage because hydrogen has a high energy density (39.7
kWh·kg−1).16−18 Recently, a special PEMFCwith high flexibility
has been successfully developed to meet the demands of flexible
electronics.19−22 Yoo’s group developed a flexible, lightweight
PEMFC with considerable specific weight power density and
robust bending durability.23 Our group adopted a flexible
composite electrode and a new structural design to invent a
flexible air-breathing PEMFC.10 However, it is still very difficult
to achieve flexibility for the entire fuel cell pack, which is
composed of both a flexible fuel cell and flexible hydrogen
generator. The difficulty is mainly attributed to the rigid
container of traditional hydrogen sources, such as high-pressure
cylinders and low-temperature liquefaction hydrogen storage.24

Therefore, developing a flexible hydrogen generator is highly
necessary for making a flexible pack of fuel cell.
It is possible tomake a flexible hydrogen generator by using an

organic small molecule, such as formic acid25−27 because liquid

formic acid has fine fluidity and shape variability. In addition,
formic acid has other advantages, such as a high energy density
(1725 Wh·kg−1),28−30 high hydrogen content (4.4 wt %),31−34

and high-quality hydrogen production with a catalyst.35−41

However, there remain some serious obstacles to making a
flexible hydrogen generator with formic acid. For instance, liquid
formic acid is prone to leak during flexibility and adaptability
operations. Moreover, the current hydrogen generator using
formic acid needs two components, the container for storing
formic acid and the reactor for producing hydrogen. These
obstacles make it difficult to fabricate a flexible and adaptable
hydrogen generator with formic acid.
In this research study, these serious obstacles are successfully

overcome by synthesizing a unique bifunctional aerogel catalyst,
which has the dual abilities of storing liquid formic acid into the
pores of silica aerogel and catalyzing the stored formic acid to
hydrogen (Figure 1). By using this bifunctional catalyst, a
flexible hydrogen generator with high compatibility, flexibility,
and adaptability was fabricated. The ability of storing liquid
formic acid into the pores of silica aerogel could inhibit any
leakage of liquid formic acid during flexible and adaptable
operations. By combining this flexible hydrogen generator and
the unique flexible PEMFC stack of our group, we originally
made a flexible and adaptable fuel cell pack with a high
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theoretical energy density (up to 722 Wh·kg−1) and current
achieved energy density (135.9 Wh·kg−1).

■ RESULTS AND DISCUSSION
Preparation of the Bifunctional Aerogel Catalyst. Silica

aerogel is a kind of nanoporous material with a highly permeable
and three-dimensional network structure (Figure 1a). The silica
aerogel consists of about 95% air and 5% skeleton42 and hence
has extremely high porosity, high specific surface area, and very
low density.43−46 These fascinating features make silica aerogel
an ideal candidate for catalyst support for many catalysis
reactions, such as the Fischer−Tropsch synthesis, gas-phase
oxidation, and hydrogenation reactions.47,48

Here, a silica aerogel with a high specific surface area of 344.9
m2·g−1 and an average pore size of 11.8 nm is used to prepare the
bifunctional aerogel catalyst (Figure S1). The SEM images show
that the silica aerogel usually exhibits irregular but smooth
particles (Figure S2a−c). However, the TEM image in Figure 1a
and BET measurement (Figure S1) show that the silica aerogel
is an excellent porous material as a support for catalysis.[19] The
background in Figure 1b is the schematic of the structure of silica
aerogel with nanometer-sized pores. The frame with a magenta
color in Figure 1b is the zoom-in schematic of one pore in silica
aerogel.

The bifunctional aerogel catalyst is synthesized by immobiliz-
ing a new homogeneous catalyst Cp*IrCl2(dabpy) on the
porous and hydrophilic silica aerogel. In the catalyst, Cp* is
1,2,3,4,5-pentamethylcyclopentadienyl, and dabpy is 2,2′-
bipyridine-4,4′-diamine. Before the immobilization, the silica
aerogel is first aminated with (3-aminopropyl)trimethoxysilane
(APTMS). Then, the linkage of Cp*IrCl2(dabpy) and the
aerogel is achieved by oxalyl chloride through an acylamide
bond. The catalyst is shown as small yellow balls on the magenta
frame in Figure 1c, and its molecular structure is illustrated on
the top of Figure 1c. The new homogeneous catalyst
Cp*IrCl2(dabpy) has two amino groups, which facilitate the
immobilization (Figure S3). After loading the homogeneous
Cp*IrCl2(dabpy), the color of the silica aerogel changes from
white to light yellow (Figure S4). The catalytic activity of
Cp*IrCl2(dabpy) for formic acid decomposition is shown in
Figure S5. The detailed synthesis process is presented in the
Supporting Information.
Figure 1d shows that the pores of the aerogel catalyst can

absorb, store, and fix a considerable volume of formic acid (blue
blocks in the magenta frame). This property is mainly attributed
to the hydrophilicity and porosity of silica aerogel. The color of
the aerogel catalyst becomes orange after absorbing formic acid
(insert in Figure 1d). As formic acid is absorbed, the liquid
formic acid is firmly fixed in the pores of the catalyst, turning the
flowing liquid formic acid to a semisolid state. The aerogel
catalyst can then catalyze the decomposition of this semisolid
formic acid to produce hydrogen. As a result, a bifunctional
catalyst with both formic acid storage and hydrogen production
is prepared and is ready for a flexible hydrogen generator.

Demonstration of the Bifunctional Abilities. In order to
demonstrate the bifunctionality of the aerogel catalyst, we
designed and performed an experiment to exhibit the abilities of
both formic acid storage and hydrogen production (Figure 2).
As shown in Figure 2a, the liquid formic acid solution is mixed
with the light-yellow aerogel catalyst in a test tube. Immediately,
the liquid formic acid solution is absorbed by the aerogel
catalyst, and the mixture is shown as a semisolid state.
Meanwhile, the color turns from light-yellow to deep orange.
Then, the test tube with the mixture is inversely installed on an
iron stand (right side in Figure 2a). The bifunctional abilities will
be clearly demonstrated if the mixture could stick on the bottom
of the test tube and produce hydrogen in the meantime.

Figure 1. Preparing the aerogel catalyst possessing bifunctional
properties of storing formic acid and producing hydrogen. (a) TEM
image of silica aerogel. (b) Schematic of the structure of silica aerogel.
The insert is the aerogel mass state. (c) Immobilization of
Cp*IrCl2(dabpy) on the silica aerogel. The insert is the aerogel catalyst
mass state. (d) Illustration for the bifunctional properties. The insert
shows the aerogel catalyst after absorbing HCOOH. The scale bar in
the inserts is 5 mm.

Figure 2. Demonstrating the bifunctional abilities of both formic acid storage and hydrogen production for the aerogel catalyst. (a) Design to
demonstrate the bifunctional abilities. The aerogel catalyst is first mixed with formic acid in a test tube and then is inverted and installed in reaction
equipment. (b−f) Inflation process of a balloon at different times in a real experiment.
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Figure 2b shows real experimental equipment, which exactly
realizes the design of Figure 2a. Even if the tube is inversely
installed on an iron stand, the mixture with the catalyst and
formic acid can firmly stick on the bottom of the tube without
any leakage of liquid formic acid. Meanwhile, the mixture
continuously releases a flow of hydrogen. To show the gas flow,
the test tube was connected to a pink balloon. Figure 2b−f shows
that the balloon is blown up with the gas from the
decomposition of formic acid within 10 min at room
temperature. A video of the inflation process is shown in the
Supporting Information (Video S1). Therefore, the result
successfully shows that this catalyst can achieve the bifunctions
of both formic acid storage and hydrogen production.
Characterization of the Bifunctional Aerogel Catalyst.

To determine whether the Cp*IrCl2(dabpy) was immobilized
on the aerogel, the aerogel catalyst was characterized by Fourier-
transform infrared spectroscopy (FTIR), energy-dispersive X-
ray spectroscopy (EDX), Raman spectra, and X-ray photo-
electron spectroscopy (XPS). As shown in Figure 3a, the

characteristic peaks of the aerogel and the aerogel catalyst at 460
cm−1, 800 cm−1, and 1080 cm−1 are attributed to the bending,
symmetrical stretching, and asymmetrical stretching vibrations
of Si−O−Si, respectively.49,50 For Cp*IrCl2(dabpy) and the
aerogel catalyst, the peak at wave numbers of 1330−1360 cm−1

is attributed to the in-plane bending vibration of the methyl C−
H bond; 1505 cm−1 is the vibration absorption peak of the
pyridine ring skeleton; and 1640−1650 cm−1 and 3330 cm−1 are
related to the bending and stretching vibration absorption peaks
of N−H on the pyridine ring, respectively.51 The FTIR results
indicate that large numbers of pyridine rings and methyl groups
exist in the aerogel catalyst, indicating that Cp*IrCl2(dabpy) is
chemically immobilized on the aerogel.
X-ray photoelectron spectroscopy (XPS) was employed to

identify the valence state of Ir species in Cp*IrCl2(dabpy) and
the aerogel catalyst (Figure 3b). Besides Ir, the XPS survey
spectrum of the aerogel catalyst showed the presence of C, N, Cl,
Si, and O (Figure S6), which also indicated that

Cp*IrCl2(dabpy) was loaded on the aerogel. Signals corre-
sponding to Ir 4f of both Cp*IrCl2(dabpy) and the aerogel
catalyst were shown in Figure 3b. Comparing to
Cp*IrCl2(dabpy), Ir 4f signal intensity of the aerogel catalyst
was weaker because of the low loading of Ir species in the aerogel
catalyst. However, the peak locations of Ir 4f5/2 and Ir 4f7/2 for
Cp*IrCl2(dabpy) and the aerogel catalyst are the same as shown
in Figure 3b. The Ir 4f5/2 and Ir 4f7/2 peaks at 64.88 and 61.88 eV
(spin−energy separation of 3 eV) were related to the presence of
Ir(III) species.45 The results above indicated that
Cp*IrCl2(dabpy) was loaded on the aerogel without changes
in the valence state of Ir species.
In addition, the EDX analysis shows that the content of

iridium at the fracture is higher than that at the exterior surface,
which indicates that the Cp*IrCl2(dabpy) has filled the aerogel
pore canals (Figure S7). Similarly, the TEM images of the
aerogel and the aerogel catalyst verify the filling of
Cp*IrCl2(dabpy) into the aerogel pores (Figure S8). Raman
spectra of the aerogel catalyst further prove the loading of
Cp*IrCl2(dabpy) onto the aerogel (Figure S9).
To characterize the ability of storing formic acid, the

absorption amount of formic acid per 1 kg of the aerogel
catalyst was measured. A detailed experimental process is in
Supporting Information SI-5. Figure 3c shows that 1 kg of the
aerogel catalyst can absorb about 1.25−1.5 L of formic acid
solution. The absorption volume of formic acid keeps at 1.25 L
until the concentration of 15MHCOOH then increases to 1.5 L
at 26MHCOOH. Although the absorption volume only slightly
increases with the increase in HCOOH concentration, the total
amount of HCOOH increases sharply (red curve in Figure 3c).
Therefore, the aerogel catalyst can contain more energy at high
HCOOH concentration. An aerogel catalyst (1 kg) can contain
a high energy up to 3000 Wh at 26 M formic acid.
Catalytic Properties of the Bifunctional Aerogel Catalyst for

Formic Acid Decomposition
In order to determine the catalytic performance of the

bifunctional aerogel catalyst, we systematically measured the
catalytic activity of formic acid dehydrogenation at different
conditions, including Cp*IrCl2(dabpy) loading, the amount of
ethylenediamine additive, and the mole proportion of sodium
formate to formic acid. We also measured the effect of different
temperatures and the stability of the catalyst.
Figure 4a shows the effect of Cp*IrCl2(dabpy) loading (2−

16.7 wt %) on the catalytic activity of the aerogel catalyst. For
each catalyst, the gas production volume increases linearly with
time, indicating that the hydrogen production rate is relatively
stable. The slope of the hydrogen production curve gradually
increases with the increase in Cp*IrCl2(dabpy) loading,
indicating that the hydrogen production rate increases with
the addition of more Cp*IrCl2(dabpy) (black curve in Figure
4b). When Cp*IrCl2(dabpy) loading is 5.7 wt %, the aerogel
catalyst reaches an optimum catalytic activity and a TOF value of
3960 h−1 at 70 °C (blue curve in Figure 4b), which reaches
43.3% of the homogeneous catalyst Cp*IrCl2(dabpy) (9130 h

−1

at 70 °C in Figure S5).
Figure 4c and Figure S10a show the effect of adding

ethylenediamine (EDA) on the catalytic activity of the aerogel
catalyst. The amino group increases the alkalinity, causing the
pH on the catalyst surface to rise. In addition, the amino group
can facilitate the scission of the O−H bond in formic acid.39

Both features are advantageous for increasing formic acid
decomposition.52,53 We used EDA to react with excess oxalyl
chloride on the catalyst after the linkage of Cp*IrCl2(dabpy)

Figure 3. Characteristics of the bifunctional aerogel catalyst. (a) FTIR
spectra of Cp*IrCl2(dabpy), the aerogel catalyst, and aerogel. (b) XPS
spectra of Cp*IrCl2(dabpy) and the aerogel catalyst: Ir 4f signals. (c)
Formic acid absorption capacity and absorption energy of the aerogel
and aerogel catalyst.
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and the aerogel. The EDA was added at the end of the aerogel
catalyst synthesis process; it reacted with the oxalyl chloride
present on the catalyst surface. With the addition of 2.25 M

EDA, the obtained catalyst achieves an optimum formic acid
decomposition activity with a TOF value of 2690 h−1. When the
EDA concentration is less than 2.25M though, the surface of the

Figure 4. Catalytic properties of the aerogel catalyst for formic acid decomposition. (a) Hydrogen volume for the aerogel catalyst under different
Cp*IrCl2(dabpy) loading capacities. (b) TOF and hydrogen-conversion rates under different Cp*IrCl2(dabpy) loadings. (c) Effect of
ethylenediamine (EDA) additions. (d) Effect of the mole proportion of sodium formate (SF) to formic acid (FA) on hydrogen generation. [SF] +
[FA] = 6 M. (e) Effect of temperature on formic acid dehydrogenation. (f) Cycle test of the aerogel catalyst for formic acid dehydrogenation. The
aerogel catalyst (0.8 g) contains 50 mg Cp*IrCl2(dabpy) and 5.2 mL of 5 M HCOOH. The common reaction condition is a 40 mg aerogel catalyst
containing 1.5 mg Cp*IrCl2(dabpy) and 3 mL of 5 M HCOOH.

Figure 5. Fabrication of the flexible hydrogen generator and the characterization of adaptability and flexibility. (a−e) Schematic illustration for the
fabrication procedure of the flexible hydrogen generator. (f1−5) Adaptability characterization. The flexible hydrogen generator is rotated at different
angles during gas production. Red arrows point the flow rate of generated gas. (g1−5) Flexibility characterization. The flexible hydrogen generator is
bent at different angles during gas production while inverted. Red arrows point the flow rate. (h) Systematically characterize the adaptability and
flexibility during gas production.
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aerogel catalyst cannot be completely aminated. Conversely, the
chemical properties of Cp*IrCl2(dabpy) may be negatively
affected by adding too much EDA. The surface properties of the
catalyst have a significant influence on its activity,54 and an
appropriate amount of EDA enhances that catalytic activity.
The concentration proportion of sodium formate ([HCOO-

Na]) to formic acid ([HCOOH]) was varied from 0.05 to 5 to
study its effect on formic acid decomposition (Figure 4d and
Figure S10b). When the concentration ratio of [HCOONa]/
[HCOOH] is 0.3, the TOF value reaches a maximum value of
11,700 h−1. However, the catalytic activity evidently decreases
with an increasing ratio of [HCOONa]/[HCOOH]. When the
ratio increases to 5, the TOF decreases to 229 h−1, indicating
that the excess sodium formate is harmful to formic acid
decomposition. Therefore, this is similar to previous results that
there is an optimum ratio of [HCOONa]/[HCOOH] to
promote formic acid decomposition.55,56

The effect of temperature on the activity of the aerogel catalyst
is shown in Figure 4e and Figure S10c. Higher temperatures can
greatly accelerate the activity of the aerogel catalyst for formic
acid decomposition. The TOF value reaches 18,000 h−1 at 90
°C. The formic acid decomposition rate increases exponentially
for each 10 °C of increase in temperature. Because of the fine
linear relationship between ln (TOF) and 1/T (R2 = 0.954), the
apparent activation energy of the aerogel catalyst can be
calculated to be 98.3 kJ·mol−1 based on the Arrhenius formula.
In order to measure the stability of the aerogel catalyst, the

recycled utilization of the aerogel catalyst was measured at 70
°C. Figure 4f shows that the gas production always finishes in
about 20 minutes, and the volume of collected gas is about 1200
mL. The conversion efficiency of formic acid is up to 96%,
indicating that the formic acid is almost totally converted to
hydrogen. When we added another 1.0 mL of formic acid to the
reaction solution, the gas production rate recovered quickly.

This process was cycled for eight times to determine the stability
of the aerogel catalyst, as shown in Figure 4f. Therefore, the
aerogel catalyst has both high activity and high stability, which
makes it a superior candidate to fabricate the flexible hydrogen
generator in this research study.

Fabrication of the Adaptable and Flexible Hydrogen
Generator. Using the bifunctional aerogel catalyst above, we
fabricated a square-shaped, adaptable, and flexible hydrogen
generator with a 75 mm side length and 2 mm thickness as
shown in Figure 5. Figure 5a−e shows the fabrication process of
the flexible hydrogen generator. We first designed a square 3D
mold and printed it with polylactic acid (PLA) using a 3D
printer (Figure 5a). Polydimethylsiloxane (PDMS) was then
cast on the mold and thermally polymerized for 1 h (Figure 5b).
Next, the curing PDMS reactor was peeled off from the 3Dmold
(Figure 5c) and sealed with another thin layer of a PDMS film
(100 μm in thickness) to form a flexible PDMS reactor (Figure
5d). Then, the flexible PDMS reactor is filled with 3.5 g of the
aerogel catalyst containing 500 mg Cp*IrCl2(dabpy) by a
syringe (Figure 5e). As a result, a flexible hydrogen generator
was successfully fabricated.
When formic acid is injected into the flexible hydrogen

generator, a continuous flow of hydrogen will be released from
the generator. In view of the property of the catalyst, once the
formic acid is injected, gas production cannot be stopped at any
time before formic acid is consumed. The current flexible
hydrogen generator is used as a hydrogen storage carrier. We can
achieve the controllability of hydrogen production or stop by
controlling the amount of added formic acid or the device
temperature. Since the aerogel catalyst has a high activity, the
hydrogen production can continuously occur at room temper-
ature. We found that an injection of 3 mL of 15 M HCOOH
solution is enough for the flexible hydrogen generator to stably
produce hydrogen for 2 h. During the hydrogen generation, no

Figure 6. Fabrication and application of a flexible fuel cell pack, composed of a flexible fuel cell stack and a flexible hydrogen generator. (a) Preparing a
flexible PEMFC pack by combining a flexible fuel cell stack with a flexible hydrogen generator in this research study. (b) Unique flexible fuel cell stack
including 5 single PEMFCs in our lab. (c) Flexible hydrogen generator. (d) Flexible PEMFC pack powering 100 LED lights when bent. (e)
Polarization curve of the flexible PEMFC stack when the flexible hydrogen generator was injected with formic acid. (f) Power curve of the flexible
PEMFC stack.
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liquid formic acid was monitored. Therefore, the flexible
hydrogen generator can effectively store and fix formic acid in
the pores of the aerogel catalyst and generate hydrogen by
decomposing formic acid.
To test the flexibility, the gas production rates of the flexible

hydrogen generator were systematically measured at different
bending angles. First, Figure 5f1−5 shows that the gas
production rate was stable at room temperature and that no
liquid leakage occurred when the flexible hydrogen source was
placed in different positions, such as when laid flat, side-
mounted, or inverted. Second, the hydrogen production rate
remains stable even when the device was bent from 0° to 180°
while inverted (Figure 5g1−5). Third, the gas production rate is
not affected when the flexible device is bent at any angle along
the direction of the catalyst slots (Figure S11a,b). Fourth, the
flow rate is measured when the flexible hydrogen generator is
upright and when folded in different angles (Figure S11c,d). The
gas production rate is always at about 12.5 mL·min−1 during
these operations. Last, the hydrogen generator could keep
producing gas even when immersed in water (Figure S12 and
Video S2). Therefore, it is successfully verified that this
hydrogen generator has a high flexibility, which is very important
to the application in flexible electronic devices.
To further systematically characterize the adaptability and

flexibility, the gas flow rates versus time were measured under
different operating conditions. As shown in Figure 5h, the
flexible hydrogen generator is operated in a sequence of different
operation types, such as rotating, vertical bending, horizontal
bending, and folding. It is notable that the gas production rate is
close to consistent at about 12.5 mL min−1. Therefore, the
results clearly exhibit that the hydrogen generator made in this
work has a good adaptability, flexibility, and sealability.
Moreover, there is no influence on its gas generation rate
during the adaptability and flexibility operations. These
advanced properties of this hydrogen generator enable its
applications to PEMFC and, consequently, to flexible and
portable electronic devices.
Fuel Cell Pack with High Adaptability and Flexibility.

In our past research study, a high-performance flexible PEMFC
has been successfully prepared. However, until now, a totally
flexible PEMFC pack composed of a flexible PEMFC stack and
flexible hydrogen generator has not beenmade by us yet because
of the absence of a flexible hydrogen generator. In addition, the
totally flexible PEMFC pack has not been reported by other
literature either. However, the flexible hydrogen generator in
this work enables us to make a totally flexible PEMFC pack.
Here, we designed a flexible PEMFC pack by combining our

unique flexible PEMFC stack with the flexible hydrogen
generator in this research study as shown in Figure 6a. The
flexible PEMFC stack comprises five single PEMFCs, and the
flexible hydrogen generator is what we made in this research
study. Because the two components are all flexible, the whole
PEMFC pack is totally flexible (Figure 6a).
Figure 6b shows the real flexible PEMFC stack for the

preparation of flexible PEMFC pack. It can be seen that the
flexible PEMFC stack has high flexibility. Figure 6c shows the
real flexible hydrogen generator with high flexibility. Then, the
real flexible PEMFC stack and the flexible hydrogen generator
were assembled together to form an actual flexible PEMFC pack
as shown in Figure 6d. When 4 mL of 15 M formic acid solution
was injected into the flexible PEMFC pack, the flexible PEMFC
pack starts to work. Figure 6d shows that the actual flexible
PEMFC pack can effectively illuminate 100 LED lights while

being bent. Moreover, the LED lights kept lighting while the
flexible PEMFC pack was operated under different adaptable
and flexible operations (Figure S13). This PEMFC pack system
operated the LED lights with a measured open circuit voltage
(OCV) of 4.28 V (Figure 6e) and a maximum power of 2.053W
(Figure 6f). The current and power density of the flexible each
PEMFC is shown in Figure S14. Therefore, a PEMFC pack with
high adaptability and flexibility has been successfully made. Such
a totally flexible PEMFC pack has not been found in other
literature.
Furthermore, the energy density of the flexible hydrogen

generator could reach 722 Wh·kg−1 because the total mass of
this flexible device was only about 11.1 g (Figure S15) (see
Supporting Information for the detailed calculation process of
energy density). Although the flexible hydrogen generator is
small and can only contain 4 mL of pure formic acid, it can
produce 2400 mL hydrogen to supply the flexible PEMFC pack.
We can get 1.515 Wh energy from this device in an actual
experiment, so the achieved energy density of this device is 135.9
Wh·kg−1. Hence, the results indicate that this flexible hydrogen
generator has a high energy density, which is promising to meet
the high demand for many potential applications in the flexible
electronics field.

■ CONCLUSIONS
In this research study, we successfully made a flexible and
adaptable hydrogen generator by synthesizing a unique
bifunctional aerogel catalyst, which has the dual abilities of
storing liquid formic acid into the pores of silica aerogel and
catalyzing the stored formic acid to hydrogen with high catalytic
activity. The aerogel catalyst actually acts as both the container
for storing formic acid and the reactor for producing hydrogen.
Consequently, the flexible hydrogen generator becomes highly
compact. The ability of storing liquid formic acid into the pores
of silica aerogel could fix formic acid and prevent any leakage of
liquid formic acid during flexible and adaptable operations. An
aerogel catalyst (1 kg) can contain a high energy up to 3000 Wh
at 26 M formic acid. Hence, a small mass (about 11 g) of flexible
hydrogen generator can produce hydrogen with the rate of about
12 mL min−1 for 2 h at room temperature and even at different
operations, such as inverting, bending, and rotating. By
combining this flexible hydrogen generator and the unique
flexible PEMFC stack of our group, we originally made a flexible
and adaptable fuel cell pack with a high theoretical energy
density (up to 722Wh·kg−1) and achieved energy density (135.9
Wh·kg−1). Such a high-performance fuel cell pack is highly
promising to meet the high energy demand of flexible
electronics. Moreover, the concept of a bifunctional catalyst
opens a new door to design and make flexible and adaptable fuel
cell packs with higher energy density.

■ EXPERIMENTAL METHODS
Synthesis of Cp*IrCl2(dabpy) and the Aerogel Catalyst.

Synthesis of [IrCp*(Cl)2]2. 1,2,3,4,5-Pentamethylcyclopentadiene and
H2IrCl6 were added to amethanol solution with themolar ratio of 2.5:1.
The mixture solution was stirred for 37 h in reflux and cooled to 0 °C.
After suction filtration and washing by diethyl ether, the brown product
was obtained.

Synthesis of Cp*IrCl2(dabpy). 4,4′-diamino-2,2′-bipyridine and
[IrCp*(Cl)2]2 were mixed in ethanol for 3 h at room temperature.
The molar ratio of 4,4′-diamino-2,2′-bipyridine to [IrCp*(Cl)2]2 was
2:1. The product was obtained at 40 °C by a rotary evaporator.

Synthesis of the Aerogel Catalyst. Aerogel (0.025 g) was infused
with the (3-aminopropyl)trimethoxysilane (APTMS, 3.8 M) in
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methanol solution for 12 h at 28 °C and then dried at 60 °C.
Cp*IrCl2(dabpy) was mixed with the aminated aerogel in ethanol
solution for 2 h at 28 °C and dried at 60 °C. This product then reacted
with oxalyl chloride ((COCl)2, 20 μL) for 10 min at 0 °C in
dichloromethane solution. The mixture solution was washed three
times with dichloromethane and separated by centrifugation. Then,
different volumes (10−100 μL) of ethylenediamine in dichloro-
methane were added and reacted for 1 h at 28 °C. The mixture solution
was washed with dichloromethane three times and dried at 60 °C to
obtain the final aerogel catalyst.
Fabrication of Flexible Air-Breathing PEMFCs. The composite

electrode consists of a gold-plated carnon nanotube (CNT) membrane
and carbon paper. The gold-plated CNT membrane was attached to a
piece of carbon paper by polytetrafluoroethylene (0.5 mg·cm−2) and
Vulcan XC-72 (0.25 mg·cm−2). Then, it was baked at 350 °C for 30
min. The membrane electrode assembly (MEA) of PEMFC with an
active area of 5 cm2 was prepared. The catalyst layer was spread on the
composite electrode. The catalyst was prepared by mixing 20% Nafion
(wt %) into the mixed solution of deionized water, isopropanol, and
30% Pt/C in an ultrasonic bath for 30 min with a loading of 0.5 mg
cm−2. The electrodes were baked at 105 °C for 2 h. The MEA was
prepared by hot pressing two electrodes and the Nafion 212 membrane
(50 μm) at a pressure of 30 kgf·cm−2 at 130 °C for 2 min. FiveMEAs (1
× 5 cm) were prepared in this way for the PEMFC stack. On the anode
side ofMEAs, a PDMSmembrane with a 75mm side length was used to
form a space with the electrode via an adhesive. The space acts as the
flow field of the flexible PEMFC. Meanwhile, this PDMS can hold five
MEAs to form a whole. A small part of the composite electrode was
exposed to connect the outer circuit. The five MEAs were connected in
series by the gold-plated CNT membrane.
Catalyst Characterizations. The morphology and structures were

obtained by SEM (Quanta FEG 250) with the acceleration voltage of
20 kV. Transmission electron microscope (TEM) measurement was
carried out on a Tecnai G2 F20 S-Twin. A LabRAM HR Raman
spectrometer (LabRAMHR, Horiba-JY) was used to record the Raman
spectra at an excitation wavelength of 532 nm. X-ray photoelectron
spectroscopy (XPS) was performed using a Kratos XSAM-800
spectrometer. The pore size distribution and surface area were analyzed
by a Micromeritics ASAP 2020. It measured the N2 adsorption/
desorption isotherms of the samples at 77 K. The samples were
degassed at 200 °C. The FTIR spectrum was measured by a Nicolet
iN10.

■ ASSOCIATED CONTENT
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Catalyst activity measurements and calculation methods;
nitrogen sorption, SEM, 1H NMR, XPS, EDX, TEM, and
Raman characterizations of the catalyst; flexibility of the
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Inflation process of the balloon which was filled with gas
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