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SI-1. Effect of the bonding of Vulcan XC-72   

 
Figure S1. (a) Polarization curves of flexible PEMFCs made with composite electrodes with and 

without the bonding of Vulcan XC-72. (b) SEM image of cross section of flexible PEMFC. 

Condition: under ambient temperature (20 ℃) and pressure, the source hydrogen is mixed hydrogen 

(the ratio of H2:CO2 is 1:1 ).  

 

The figure clearly shows that the flexible PEMFCs made with composite electrodes with the 

bonding of Vulcan XC-72 has much higher performance. The reason is mainly due to the reduction 

of contact resistance between CNT membrane and the carbon paper by using Vulcan XC-72. 
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SI-2. Performance of different aspect ratio of PEMFCs. 

 

Figure S2. Polarization curves of PEMFCs with different aspect ratios of width and length. 

Condition: under ambient temperature (20 ℃) and pressure, the source hydrogen is mixed hydrogen 

(the ratio of H2:CO2 is 1:1 ). Theoretically, the current density of PEMFC with different aspect ratio 

is the same. However, the PEMFCs with different aspect ratios have different performance. The best 

performance was achieved at the size 1 cm in width and 2 cm in length. 

 

 

In theory, the performance of the PEMFC devices with different aspect ratios should be 

consistent under the same preparation process and test conditions. However, in this research, the 

performance of the PEMFCs with different aspect ratio (1×1 cm2, 1×2 cm2, 1×4 cm2) are obviously 

different. Among them, the performance of the PEMFC with 1×2 cm2 is the largest, and the 

performance with 1×4 cm2 is the smallest. After careful consideration, the difference can be 

attributed to the reasons as follows: 

1) One of the reasons is attributed to the different mass transfer at different aspect ratios. 

PEMFC is the device that converts chemical energy into electrical energy. The performance 

of the fuel cell strongly depends on the hydrogen feeding at different locations in the fuel cell. 

It is well known that the parameters of flow field, such as aspect ratio, thickness, shape etc., 

can strongly affect the hydrogen feeding. In this research, the aspect ratio as one of the 

parameters can affect the mass transfer of hydrogen in fuel cell. Because the inlet and outlet 

of hydrogen are in opposite directions, the other two horn may be the “dead angle”. The dead 

angle means the area with inadequate supply of hydrogen. When the size of the PEMFC is 

1×1 cm2, the ratio of “dead angle” to the whole catalytic area is bigger comparing to the 

PEMFC with 1×2 cm2. Therefore, the performance of the PEMFC with 1×2 cm2 is higher. 

2) With the increase of aspect ratio, the hydrogen consumption becomes higher. Because the 

hydrogen flow rate is the same for all performance measurement, the hydrogen supply may 

not satisfy the electrochemical reaction for the large PEMFC with 1×4 cm2. Then the 

performance of the large PEMFC will be worse. 

In summary, the fuel cells with different aspect ratios can show different performance due the 

different mass transfer and hydrogen consumption at different aspect ratios. In this research, the 

PEMFC with 1×2 cm2 shows the maximum performance. 
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SI-3. Effect of hydrogen flow rate  

 

Figure S3. Effect of hydrogen flow rate on the performance of PEMFCs prepared by CNT 

membrane with different thickness. (a) 5 μm CNT membrane. (b) 10 μm CNT membrane.  

 

The flow rate of hydrogen has a great impact on the performance of the PEMFC, the flow rate 

is too high or too low will have a concentration polarization, thereby affecting the performance of 

the PEMFC. To explain the effect of CNT membrane with different thickness on the performance of 

the cell and reduce the interference of the hydrogen flow. We determined the optimum flow rate is 30 

mL/min and the performance of the PEMFC is optimal no matter the thickness of the CNT 

membrane. 
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SI-4. Effect of PTFE and Nafion contents in cathode and anode catalyst layer 

 

Figure S4. Influence of different content of Nafion and PTFE in catalyst layer on the performance of 

PEMFCs. (a) Anode catalyst layer with different content PTFE. (b) Cathode catalyst layer with 

different content PTFE. (c) Anode catalyst layer with different content Nafion. (d) Cathode catalyst 

layer with different content Nafion. 

 

 

The catalyst layer of PEMFC we fabricated in this study contain PTFE and Nafion, both Nafion 

and PTFE can be used as binders. In addition, Nafion also has a significant function in the 

transmission of protons in the catalyst layer, PTFE as a hydrophobic agent to prevent the “flooding” 

of the catalyst layer, and that the content of Nafion and PTFE have a huge effect on the performance 

of the PEMFC, which means that there is an optimum content of Nafion and PTFE to lead the 

PEMFC of optimal performance. Though a series of experiment, the optimal ratio of catalyst, PTFE 

and Nafion is 75:15:10 of cathode，while the ratio is 75:10:15 of anode. The sources of hydrogen in 

our test was also optimized for pure hydrogen. The current density up to 320 mA.cm-2, peak power 

density is 80.5 mW cm-2. 
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SI-5. Effect of layer number of carbon paper in composite electrode 

 

Figure S5. Influence of layer number of carbon paper on the performance of PEMFCs. (a) The 

structure of anode and cathode are CNT membrane sandwiched with two pieces of carbon paper. (b) 

The structure of anode and cathode are one carbon paper with CNT membrane outside. 

 

 

The anode and cathode in the previous work were all that CNT membrane was sandwiched by 

two pieces of carbon paper electrode. The thickness of the composite electrode is 400 μm for the 

thickness of one carbon paper is 190 μm. In spite of the carbon paper has a certain permeability, the 

thickness of the composite electrode will slow down the rate of hydrogen evolution from the 

electrode to the catalyst layer to a certain extent. Therefore, we consider subtracting the outmost 

carbon paper which made the transmission of hydrogen form electrode to catalyst layer more rapidly 

to gain better performance. The mass and volume of cell will be decrease for the move of two carbon 

paper additional which means that the higher specific power. The test were also under ambient 

temperature (20℃) , pressure and pure hydrogen. After packaging, a single fuel cell of 1 cm length 

and 1 cm width weights 0.11 g and the volume is low to 0.034 cm3. The current density is 220 mA 

cm-2, and the peak power density is 55 mW cm-2, the corresponding volumetric energy density up to 

1620 W/L and the gravimetric energy density is 500 W/Kg. The current density is smaller than the 

optimized PEMFC which anode and cathode have two carbon paper, the reason maybe that the 

outmost CNT membrane which is not only acts as collector network but also plays role in the current 

derivation, and as we said before the square resistance of CNT membrane is greater than carbon 

paper which make clear that the fuel cell has greater resistance. 
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SI-6. Effect of pure hydrogen and mixed hydrogen (the ratio of H2: CO2 is 1:1)  

 

Figure S6. Effect of pure hydrogen and mixed hydrogen in PEMFCs testing. (a) Polarization curves 

of PEMFCs with pure hydrogen and mixed hydrogen (the ratio of H2: CO2 is 1:1) at ambient 

temperature and pressure. (b) Long term discharge curve at 0.6 V with pure hydrogen and mixed 

hydrogen (the ratio of H2: CO2 is 1:1) at ambient temperature and pressure. (c) Scheme for hydrogen 

production from formic acid. The Ir catalyst is IrCp*Cl2bpym reported by us in 2017.1 (d) Scheme 

for hydrogen production from water electrolysis by a commercial equipment (JM hydrogen 

generator produced by Ji'nan Chun Ming Analytical Instrument incorporated company). 

 

Pure hydrogen will increase the discharge capability of the PEMFCs, while under constant 

voltage discharge current attenuation less. This result is consistent with the reported one in the 

literature.2 
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SI-7. Influence of hot pressing parameters 

 

Figure S7. Effect of hot pressing parameters on the performance of PEMFCs. (a) Different 

hot-pressing temperature. (b) Different hot-pressing pressure.   

 

 

Hot pressing will increase the contact of the three-phase interface, so the appropriate 

hot-pressing conditions will have a great impact on the performance of fuel cells. The optimum 

hot-pressing conditions are 120℃,40 Kgf.cm-2, 2 min. 
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SI-8. Function of CNT membrane in maintaining the resistance during hot 

pressing 

 

Figure S8. Square resistance of composite electrode with/without CNT membrane before/after hot 

pressing. The thickness of CNT membrane is 20 μm. 

 

In addition, because the viscosity of the CNT membrane is large, the contact between the 

different materials in the composite electrode which include CNT membrane is better. As a result, 

the square resistance of the composite electrode containing CNT membrane before hot pressing is 

smaller than the composite electrode without CNT membrane as we shown in Figure S8. Yet, hot 

pressing makes different materials contact closer, the square resistance of the composite electrode is 

increased after hot pressing and the square resistance of the composite electrode with electrode 

increase less than composite electrode without CNT membrane, the dominating reason maybe that 

the structure of the carbon paper electrode is destroyed under hot pressing and the destroy of carbon 

paper electrode has a greater impact than contact closer of carbon paper and CNT membrane. This 

also explains why the performance of the cell prepared by adding CNT membrane is much better 

than the performance of the cell without CNT membrane in spite of the square resistance of 

best-performance CNT membrane (thickness is 20 μm) still greater than carbon paper.  
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SI-9. The square resistance of CNT membranes with different thickness 

 
Figure S9. The square resistance of CNT membranes with different thickness. Red point is carbon 

paper. The square resistance of CNT membrane will decrease when the thickness of CNT membrane 

increase. The square resistance of carbon paper is lower than CNT membrane with four different 

thickness.  

 

SI-10. Effect of pore size and density 

 

Figure S10. Effect of pore size and density on the performance of flexible PEMFCs. (a) The pore 

size of CNT membrane is 35 μm. (b) The pore size of CNT membrane is 55 μm. (c) The pore size of 

CNT membrane is 115 μm. (d) The pore size of CNT membrane is 135 μm.  
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SI-11. The current response of the PEMFC to bending at another angle  

 
Figure S11. The current response of PEMFC to different bending angles at ~70°. 

 

 

SI-12. Voltage vs. time at different bending angles 

The relation between voltage and time can be measured by the steady-state polarization at 

constant current (Figure S12). The voltage and time curve in Figure S12 was done at 100 mA at 

different bending angles for 2 h. The curves show that the voltage rapidly decays at the beginning, 

and then reaches a steady state afterwards. The voltage dropping at the beginning is due to a 

reversible degradation, which is consistent with our previous constant voltage test. Figure S12 also 

shows that the bending angle has a very weak effect on the performance of the flexible PEMFC.  

 

Figure S12. Voltage vs. time at constant current for the flexible air-breathing PEMFC at different 

bending angles. 
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SI-13. Effect of temperatures on voltage/current density 

 

Figure S13. (a) Effect of temperatures on voltage/current density of flexible air-breathing PEMFC at 

relative humidity of 60%. (b) Effect of temperatures on the maximum power density. 

 

We have done a series of research on the effect of temperatures on the performance of our 

flexible air-breathing PEMFC. Figure S13 shows that temperature has an obvious impact on the 

performance of the fuel cell. But the impact of temperature is not strong to our flexible air-breathing 

PEMFC, because the maximum power density only varies about 6 mW from 10 to 50 ℃. As we all 

know that the atmospheric temperature is usually not higher than 50 ℃. 

Figure S13a shows that the performance of the fuel cell increases as the temperature increases 

within a certain temperature range (10-30 ℃). The main reasons are as follows:  

1) The activity of Pt catalyst increases with temperature;  

2) The conductivity of proton exchange membrane increases with temperature; 

3) Favor to the water removal from the cathode reaction at higher temperature;  

4) The hydrogen oxygen diffusion coefficient increases with temperature, and the mass transfer 

of gas in the electrode is improved. 

However, Figure S13b also shows that the performance of the fuel cell decreases with 

temperature after 30 ℃. The decrease of the performance is mainly due to the drying of cathode and 

proton exchange membrane. It is well known that the proton transfer in cathode and proton exchange 

membrane needs the participation of water. Because the cathode of air-breathing PEMFC is directly 

exposed to air, higher temperature can make water evaporate quickly from cathode and proton 

exchange membrane. The drying of cathode and proton exchange membrane will increase the 

resistance of proton transfer, thus decrease the performance of fuel cells. In order to improve the 

performance in the high temperature range (40-70℃), we are planning to do some research on the 

self-humidifying PEMFC in future. 
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SI-14. Effect of humidity  

Humidity is very important to the performance of PEMFC. Too low humidity will cause drying 

of cathode and proton exchange membrane, and increase the resistance of proton transfer, thus 

decrease the performance of fuel cells. On the other hand, too high humidity will cause flooding of 

cathode, and prohibit the mass transfer of oxygen, thus decrease the performance of fuel cells. 

Therefore, PEMFC needs to be operated at an optimal humidity. 

According to the temperature experiments above, we carried out the humidity experiments at 

20 °C and 30 °C. From the results in Figure S14, we can see that there is an optimal humidity 60% 

for both two temperatures. With the increase of humidity from 20 to 60%, the proton conductivity of 

cathode and proton exchange membrane increases. As a result, the performance of PEMFC increases 

with the increase of humidity. But the performance of PEMFC decreases at higher humidity than 60% 

because of the flooding of cathode. Therefore, the optimal humidity 60% is a middle value, which 

will induce a high proton conductivity of cathode and proton exchange membrane, and a high mass 

transfer in cathode.  

  

Figure S14. Effect of humidity on the maximum power density of flexible air-breathing PEMFC at 

two different temperatures. 

 

SI-15. Estimation of the energy density of the flexible PEMFC system 

Usually, preparing a single cell of PEMFC is not a hard work. But making a PEMFC system 

becomes much difficult. A complete PEMFC system usually contains pumps, electric circuit for 

controlling, sensors, fuel container etc. Fortunately, we have done some researches on the hydrogen 

production from formic acid at low or even room temperature.2-4 Then we can make a simple 

PEMFC system. In this system, hydrogen is continuously produced from the decomposition of 

formic acid by catalyst at low temperature. No pump is need for hydrogen feeding. A plastic bag is 

used to contain formic acid and catalyst. The fuel cell stack is attached on the plastic bag. Because 

both the plastic bag and our flexible PEMFC is flexible, the whole PEMFC system is flexible. The 

plastic bag contains 100 mL formic acid as fuel. The weight of the whole system including fuel, 

flexible PEMFC stack and plastic bag is 125 g. If the discharge potential is 0.7 V, and the hydrogen 

usage is 80%, the energy density of the whole PEMFC system is about 522 Wh kg-1.  
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SI-16. Composition of traditional and flexible air-breathing PEMFCs 

Table S1. Detail parameters of traditional and flexible air-breathing PEMFCs in Figure 1. 

Parameters Flexible Traditional 

Quality (g) 0.065 68.6 

Volume (cm3) 0.028 25 

Thickness (mm) 0.22 9.0 

Specific area power density (mW/cm2) 145.2 90.3 

Specific volume power densities (W/L) 5190 3.6 

Specific weight power densities (W/kg) 2230 1.3 
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