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SI-1. Chemicals and experimental equipment

Chemicals: All chemicals were commercial and used without further treatment. 

Chloroiridic acid (H2IrCl6·6H2O, Shanghai Tuosi Chemical Co., Ltd, Ir wt%>35%), ethanol 

(C2H5OH, Shanghai Tian Scientific Co., Ltd, >99.7%), 1,2,3,4,5-pentamethylcyclopentadiene 

(C10H16, Sun Chemical Technology Co., Ltd, 97%), 4,4’-diamino-2,2’-bipyridine (C10H10N4, 

Tokyo chemical industry Co., Ltd, >98% ), aerogel (SiO2, GongYi Van-Re Yihui Composite 

Material Co., Ltd), sodium hydroxide (NaOH, Sinopharm Chemical Reagent, Co., Ltd, >96%), 

formic acid (HCOOH, Sinopharm Chemical Reagent. Co., Ltd. >98%), (3-

aminopropyl)trimethoxysilane (C6H17NO3Si, Aladdin Reagent (Shanghai) Co., Ltd, >97% ), 

oxalyl chloride (C2Cl2O2, Sam Chemical Technology Co., Ltd), ethylenediamine (C2H8N2, 

Sinopharm Chemical Reagent Co., Ltd, >99%), ether absolute (C4H10O, Sinopharm Chemical 

Reagent Co., Ltd, >99.7%), dichloromethane (CH2Cl2, Sinopharm Chemical Reagent Co., Ltd, 

>99.5%).  

Experimental equipment: 3D printer (Shenzhen Speed Pretty Printing Co., Ltd.)

SI-2. Activity measurements

Formic acid decomposition activity measurements: 3mL HCOOH solution was added into 

a single-necked round bottom flask. The temperature control was operated by a oil bath under 

ambient atmosphere. A graduated U-tube or a 100 mL syringe was attached to the flask for 

measuring the amount of gas production. When the catalyst was added, the gas production was 

measured immediately. The volume changes were recorded with a digital camera. 

SI-3. Experiment about formic acid absorption of aerogel catalyst 

We take eight vials and added 1g aerogel catalyst into each vial. The total weight was 

measured by a electronic balance (W1). 5mL 1M, 3M, 5M, 7M, 9M, 15M, 20M, 26M formic 

acid solution were prepared, separately. Different concentrations of formic acid solution were 

added into the corresponding vial dropwise. After adding the formic acid solution, the aerogel 

catalyst was semi-solid. We added formic acid solution continuously until the aerogel catalyst 

was completely semi-solid and no liquid was present. Then, the total weight of the vial was 

weighed (W2). For different concentrations of formic acid solution, the difference of W1 and 

W2 was the HCOOH absorbing capacity for 1g aerogel catalyst. The amount of absorbing 
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formic acid for each concentration can be accordingly calculated. The containing energy for 

the aerogel catalyst also can be calculated because the energy density of formic acid is 1725 

Wh kg-1.

SI-4. The TOF calculation method

According to the definition of turnover frequency (TOF), the TOF of aerogel catalyst is:

                                                         (Equation 1)TOF =
𝑽𝑯𝟐/Vm

t × ncat

 is the measured volume of hydrogen (L); Vm is the volume of 1 mol gas at room 𝑽𝑯𝟐

temperature (24 L at 20 °C); t is the reaction time (h); ncat is the amount of the catalyst (mol).

SI-5. The energy density calculation process of flexible device 

           (Equation 2)𝑬𝑫𝒆𝒗𝒊𝒄𝒆 =
𝑽𝑯𝟐 × 𝑴𝑯𝟐 × 𝑬𝑯𝟐

𝑽𝒎 × 𝒎𝑫𝒆𝒗𝒊𝒄𝒆 × 𝟑𝟔𝟎𝟎 =
𝟐.𝟒 × 𝟐 × 𝟏𝟒.𝟑 × 𝟏𝟎𝟕

𝟐𝟒 × 𝟏𝟏 × 𝟑𝟔𝟎𝟎 = 𝟕𝟐𝟐𝑾𝒉 𝒌𝒈     

  is the production hydrogen total volume of the flexible device when added 4 mL pure 𝑽𝑯𝟐

formic acid into the device (L); MH2 is the molar mass of hydrogen (g/mol);  is the energy 𝑬𝑯𝟐

density of hydrogen (14.3×107 J/kg); Vm is the volume of 1 mol gas at room temperature (24 

L at 20 °C); mDevice is the total mass of the flexible hydrogen generator (~11g).
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SI-6. The porous structures of aerogel catalyst measured by nitrogen sorption.

Figure S1. Nitrogen adsorption-desorption isotherms and pore distributions of aerogel and 

aerogel catalyst.

The porous structures of aerogel and aerogel catalyst were measured by nitrogen 

adsorption. As exhibited in Error! Reference source not found., Nitrogen adsorption-

desorption isotherms of aerogel and aerogel catalyst are all typical type-IV isotherms, 

suggesting that they are belong to mesoporous material. Aerogel and aerogel catalyst all had 

an average pore size of 11.8 nm. The surface areas were calculated by the Brunauer-Emmett-

Teller (BET) method. After loading Cp*IrCl2 (dabpy) on aerogel, the surface area (from 

344.920 to 20.984 m2/g) and pore volume (from 1.011 cm3/g to 0.067 cm3/g) significantly 

decreased which may be caused by the fill of Cp*IrCl2 (dabpy) in the aerogel pore canals. 

wanghuihui
删除线
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SI-7. The SEM of aerogel and aerogel catalyst.

Figure S2. The SEM of aerogel and aerogel catalyst. (a-c) The SEM images of aerogel. (d-f) 

The SEM of aerogel catalyst. The aerogel is irregular in shape and the sizes are not uniform. 

The surface of the massive particles is smooth (Error! Reference source not found.a-c). 

Compared with aerogel, the surface of aerogel catalyst is destroyed and appear mall lamellar 

(Error! Reference source not found.d-f). The surface of the particles is rough overall which 

may be caused by the loading reaction.

wanghuihui
替换

wanghuihui
替换
Figure S2

wanghuihui
替换

wanghuihui
替换
Figure S2
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SI-8. The 1H-NMR of Cp*IrCl2(dabpy)

Figure S3. The 1H-NMR spectrum of Cp*IrCl2(dabpy). 1H NMR (400 MHz, dmso) δ 8.19 (d, 

J = 6.6 Hz, 2H), 7.26 (s, 4H), 7.18 (d, J = 2.5 Hz, 2H), 6.79 (dd, J = 6.6, 2.5 Hz, 2H), 1.59 (s, 

15H).The synthesized Cp*IrCl2(dabpy) catalyst is analyzed by NMR spectrometer for the type 

and quantity of H. There are four kinds of hydrogen and the quantity ratio is a:b:c:d = 

2:4:2:2:15. These results indicate that the synthesized catalyst is the expected structure.
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SI-9. The color changes of aerogel, aerogel catalyst and post-reaction catalyst.

Figure S4. The color changes of aerogel, aerogel catalyst and post-reaction catalyst. (a) The 

color of silica aerogel. (b) The color of aerogel catalyst. (c) The color of aerogel catalyst after 

absorption of formic acid. Silica aerogel is white before loading the light-yellow 

Cp*IrCl2(dabpy). The color of the silica aerogel changed from white to light yellow after 

loading Cp*IrCl2(dabpy). The color of the aerogel catalyst became orange after absorbing 

formic acid. 
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SI-10. The activity measurements of Cp*IrCl2(dabpy) for formic acid dehydrogenation

Figure S5. The catalytic activity of Cp*IrCl2(dabpy) for formic acid decomposition. (a) The 

production hydrogen volume of formic acid dehydrogenation on Cp*IrCl2 (dabpy) in different 

temperature; (b) The TOF of Cp*IrCl2(dabpy) catalyst.

The formic acid dehydrogenation reaction is catalyzed by Cp*IrCl2(dabpy) (1 mg) in 40-

90 °C, respectively. The concentration of formic acid is 5 M and total solution volume is 3 mL. 

The hydrogen volume was measured in different temperature and the TOF was calculated. The 

results indicate that the reaction rate gradually increases with higher temperature. The reaction 

rate increases by nearly 1.5 times for every 10 °C increasing in temperature. ln (TOF) and 1/T 

show good linearity. According to the Arrhenius equation, the apparent activation energy of 

formic acid dehydrogenation could be calculated. Through the fitted linear equation, the 

apparent activation energy is Ea=56.9 kJ mol-1. When the temperature of the reaction solution 

is 90 °C, 247 mL of hydrogen can be produced in 15 minutes, the catalytic activity TOF value 

reaches 23900 h-1.
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SI-11. XPS of aerogel catalyst.

Figure S6. XPS survey spectrum of aerogel. (a) XPS-Survey spectrum; (b) N1s

X-ray photoelectron spectroscopy (XPS) was employed to identify the valence state 

of Ir species in Cp*IrCl2(dabpy) and aerogel catalyst. Besides Ir, XPS survey spectrum 

of aerogel catalyst also showed the presence of C, N, Cl, Si, O, which also indicated 

Cp*IrCl2(dabpy) was loaded on aerogel. High-resolution N1s spectra can be deconvoluted 

into three peaks, corresponding to the N in the primary or secondary amine (398.79 eV) 1, 

pyridine (399.56 eV) 2 and hydrazine (400.70 eV) 3. It is conformed to the three types of N that 

exist in the actual situation of the aerogel catalyst. 
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SI-12. The EDX of aerogel catalyst in fracture and exterior surface.

Figure S7. The EDX of aerogel catalyst. (a) EDX at the fracture; (b) EDX on exterior surface. 

The Energy Dispersive X-Ray Spectroscopy detects the presence of iridium after loading 

Cp*IrCl2(dabpy) in aerogel. The content of iridium at the red rectangle area a is higher than 

the red square area b. This result indicates that Cp*IrCl2 (dabpy) can enter the aerogel channels.
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SI-13. The TEM of aerogel and aerogel catalyst.

Figure S8. The TEM of aerogel and aerogel catalyst. (a-c) The TEM images of aerogel. (d-f) 

The TEM images of aerogel catalyst. The TEM image of aerogel and aerogel catalyst indicate 

that the pore canals of aerogel catalyst are less than aerogel. In addition, the aerogel catalyst 

and aerogel are amorphous material.
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SI-14. Raman spectra of aerogel catalyst.

Figure S9. Raman spectra of Cp*IrCl2(dabpy), aerogel catalyst and aerogel.

Aerogel had no obvious Raman peaks. For aerogel catalyst and Cp*IrCl2(dabpy), 

peaks located at 463 cm-1 band and 2933 cm-1 band (C-H stretching) are related to the 

pentamethylcyclopentadiene. The peak at 1260-1280 cm-1 band is assigned to C-C, C-

N ring stretching, C-C inter-ring stretching and C-H in-plane deformation. 1515-1557 

cm-1 band is C-C, C-N ring stretching.4-7 These results are supplementary certifications 

of the Cp*IrCl2(dabpy) loading on the aerogel for FTIR. 
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SI-15. The changes of hydrogen volume for aerogel catalyst in different conditions.

Figure S10. The production hydrogen volume in different experimental conditions. (a) The 

hydrogen volume of aerogel catalyst in different ethylenediamine concentration. (b) The 

hydrogen volume in different proportion of sodium formate to formic acid. (c) The hydrogen 

volume in different temperature. 

The gas production process was recorded with time as the X axis and hydrogen production 

volume as the Y axis. The decomposition rate of formic acid can be calculated according the 

slope of the line. Ethylenediamine concentration greatly affects the decomposition rate of 

formic acid. The hydrogen volume variation tendency in different temperature indicates that 

the formic acid dehydrogenation rate increases gradually with higher temperature. The addition 

of sodium formate greatly promotes the decomposition rate of formic acid when the proportion 

of sodium formate to formic acid was among 0.1-1.
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SI-16. The flexibility of flexible hydrogen generator.

Figure S11. The flexible device gas production process at different bending angles. (a1-3) The 

gas production process of the flexible device in different bending angle at the horizontal 

direction of the catalyst slots. (b1-3) The bending process of the laid flat flexible device at the 

horizontal direction of the catalyst slots. (c1-3) The bending process of the upright flexible 

device at the vertical direction of the catalyst slots. (d1-3) The folding process of the flexible 

device.

The flexible device is connected to a gas rotameter (range: 2.5~25 mL) to measure the gas 

production rate of formic acid dehydrogenation. When the flexible device was bent at any angle 

along the direction of catalyst slots, the gas production rate is about 14 mL min-1. When the 

device is bent at the horizontal and vertical direction of the catalyst slots in different angles, 

the gas production rate is also 10 mL min-1 (Error! Reference source not found.abc). 

Similarly, when the device is fold along the diagonal line of the device, there was no influence 

on its gas production rate (Error! Reference source not found.d1-3).

wanghuihui
替换

wanghuihui
替换
Figure S11

wanghuihui
替换

wanghuihui
替换
Figure S11
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SI-17. The gas production process of flexible hydrogen generator in water.

Figure S12. The flexible hydrogen generator gas production process when it is immersed in 

water. When 2 mL 15 M formic acid solution was added into the flexible hydrogen generator 

and placed in water. The flexible device can generate gas immediately at room temperature.
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SI-18. The flexibility of flexible PEMFC pack

Figure S13. The adaptable and flexible operations of the flexible PEMFC pack. The LED lights 

kept lighting while the flexible PEMFC pack was performed under different rotation and 

bending operations.
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SI-19. The polarization curve of the flexible each PEMFC

Figure S14. The current density (a) and power density (b) of the flexible each PEMFC when the flexible 

hydrogen generator was injected formic acid. 

We created a portable stack of 5 air-breathing PEMFCs which were connected in series. 

In order to quantify the outputs of the flexible fuel cell pack, we added 3mL pure HCOOH to 

the flexible hydrogen generator and try to measure the polarization curves of the PEMFCs stack. 

The limiting current can reach 1.03 A and the limiting current density was 206.2 mA/cm2 

(Figure S14). In order to demonstration the produced energy storage value of our hydrogen 

generator, we performed a potentiostatic discharge test after 3 mL pure HCOOH was injected 

the device. This flexible hydrogen generator can produce hydrogen for 4 h. By integrating the 

potentiostatic curve, we can get 1.515 Wh energy from this device. The weight of this device 

is 11.144 g, so the energy density of this device is 135.91 Wh kg-1. The energy density of 

HCOOH is1725 Wh kg-1, so the device has an energy utilization rate of 23.99%.
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SI-20. The weight of flexible generator

Figure S15. The total mass of flexible hydrogen generator. The flexible hydrogen generator 

was fabricated by PDMS. The total mass is light. The mass is 11.1438g.
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SI-21. Captions for Video S1, Video S2

Video S1

2.5 g aerogel catalyst containing 500 mg of Cp*IrCl2(dabpy) was placed in a test-tube 

which was connected with the balloon through a curved glass tube. This system was inverted 

on the iron stand and added 2 mL 15 M formic acid solution. This video records the inflation 

process of the balloon which was filled with the gas from formic acid decomposition at room 

temperature. The time of balloon inflation process is 10 minutes. We fast forward the video 

and the time becomes 20 seconds. The video is given a time code of real time.

Video S2

2 mL 15 M formic acid solution was added into the flexible hydrogen generator. And it 

was placed in water. This video records the gas production process of the flexible device in 

water at room temperature. 
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