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Figure S1. Color change of membrane after annealing. 

 

Calculation of Young’s modulus of Nafion membranes 

Herein, the two-point method reported by Sun et al. was applied to analyze the Young’s modulus 

of the Nafion membranes. 

 

Figure S2. Schematic of deflection–displacement curves between sample and AFM probe. Dashed 

line in red represents the case of rigid material, and solid line in blue represent the case of soft 

material [1]. 

Figure S2 shows the schematic of the deflection–displacement curve. The Piezo displacement in 

the x-axis and deflection of the cantilever in the y-axis are plotted in the x–y plane. The dashed 

line in red is a curve measured with rigid materials (e.g., silicon dioxide), and the solid line in blue 

is a curve measured with soft materials (e.g., Nafion membrane herein). Since there is no 



deformation in rigid materials, the deflection of the cantilever and Piezo displacement are the same. 

Therefore, the force applied to the sample can be calculated by multiplying the spring constant, k 

= 2.8 N/m, and the deflection of the cantilever. For soft materials, the deflection of the cantilever 

is not the same as the Piezo displacement due to the inherent deformation of the materials in 

response to the applied external stress, which is different from the rigid material. Furthermore, the 

difference in cantilever deflection for rigid and soft material considering the Piezo displacement 

is used to calculate the deformation of soft materials (δ), which is expressed as follows: 

0( ) ( )trig c trigz zδ = − − Δ − Δ .        (S1) 

 

Figure S3. Deflection–displacement curve (left) and force–deformation curve (right). 

Figure S3 shows the deflection–distance curve for the Nafion membranes and the force–

deformation curve obtained using the above equation. Then, the Young’s modulus of Nafion 

membrane can be calculated by substituting the deformation values (𝛿଴ 𝑎𝑛𝑑 𝛿ଵ) in the graph at 

two points and the Poisson ratio ሺ𝜈) of 0.4 [2] into the following equation. 
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Figure S4. Polarization curves of MEAs with N211, N211@100, N211@150, N211@200 and 

N211@250.  

 

 

Table S1. High-frequency resistances of the MEAs and relative ionic conductivity.  

Sample HFR [Ω∙cm2] Relative ionic conductivity 

MEA with N211 0.0576 100 % 

MEA with N211@200 0.0559 103.04 % 
MEA with N211@250 0.0925 62.27 %  
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