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1. Detailed Setup of the Rapid Cold Start 

Figs. S1 and S2 show the detailed structures of the environmental chamber and the rapid heating 

system, respectively. An automotive polymer electrolyte fuel cell (PEFC) was placed inside the 

environmental chamber, and a dry gas purge was employed to prevent condensation during cooling 

inside the chamber. Fluorinert was circulated in the environmental chamber and on both sides of the 

PEFC, and a heat-exchange system was installed at the bottom of the environmental chamber. The 

environmental chamber was placed on a neutron-imaging stage using a crane. A commercially 

available chiller and an in-house rapid heating unit were placed next to the stage, and pipes were 

connected to pump silicone oil and ethylene glycol into the chamber. The in-house rapid heating unit 

constantly heated the ethylene glycol to build up the enormous amount of heat required for rapid 

heating, thereby assisting in the instantaneous heat requirement during a rapid cold start. 

 
Fig. S1 Schematic representation of the environmental chamber. (a) Overview and (b) enlarged view 

of the environmental chamber. 
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Fig. S2 Schematic representation of the rapid heating unit. (a) Overview and (b) enlarged view of 

the rapid heating unit. 
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2. Fuel Cell Degradation 

Fig. S3 shows that there was no significant performance degradation, even after three repeated 

cold-start experiments. 

 

Fig. S3 Average current during power generation at 45 °C and 0.2 V for 1 min after cold-start 

experiments at different sub-zero temperatures. 
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3. Cooling Performance of the Cooling Unit 

The cooling performance was evaluated by considering three directions: width (Fluorinert flow 

direction), height (top, centre and bottom) and depth (cathode and anode). Fig. S4 shows the cell 

temperature distribution during cooling to −12.0 °C. The programme start of the cold-start 

experiment was defined as 0 s. The cell temperature differences were Δ0.3 °C (width direction) and 

below Δ0.1 °C (height and depth directions). 

 

Fig. S4 Cell temperature distribution during cooling to −12.0 °C: (a) width (Fluorinert flow direction), 

(b) height (top, centre and bottom) and (c) depth (cathode and anode) directions. 
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4. Water Storage Capacity 

The water storage capacity (C) of the membrane electrode assembly (MEA) can be calculated from 

the properties of the gas diffusion layer (GDL), the filling of the porous catalyst layer (CL) and the 

water uptake of the proton exchange membrane (PEM), as presented in Equation S1: 

𝐶𝐶 = 𝑀𝑀water�𝜑𝜑I 𝑣𝑣I + 𝑊𝑊PEM𝑈𝑈 (Equation S1) 

where Mwater is the density of water, φI is the porosity of component I, vI is the pore volume of 

component I, WPEM is the weight of the PEM and U is the water uptake. The structural properties of 

the MEAs are summarised in Table S1 to provide a rough estimation of the water storage capacity. 

The reference values are based on publicly available information related to a 2nd generation MIRAI1,2 

and the results of a previous disassembly analysis.3 With respect to the structural properties not 

reported as data for a 2nd generation MIRAI, representative values for typical PEFCs were used.4–7 

Fig. S5 shows the water storage capacity of each MEA component per unit geometric area. This 

estimation did not consider water back-diffusion to the anode. In the second water dynamics stage 

during the cold start, the back-diffusion effect was negligible owing to the slow rate of water diffusion 

in the PEM. 

Table S1. Structural properties of the MEA components 

MEA component Thickness (µm) Porosity (%) Water uptake (wt%) 

PEM 8.5a) － 10g) 

Cathode CL 9.1b) 0.6–0.8d,e) － 

Cathode GDL 240c) 0.6–0.7e,f) － 
aRef. 1, bRef. 2, cRef. 3, dRef. 4, eRef. 5, fRef. 6 and gRef. 7. 

 

Fig. S5 Rough estimation of the water storage capacities of MEA components. 
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5. Quantitative Reliability of Water Content 

The water content before the cold-start experiment should be zero because the residual water inside 

the fuel cell was purged at the pre-conditioning step. However, the water content was scattered 

randomly (Fig. S6). Because the water content was obtained by dividing the dry image data with 1 s 

exposure by the average dry image data, it is likely affected by the intensity fluctuations of the 

incident neutron beams during exposure. 

 

Fig. S6 Water content in the dry fuel cell before the cold-start experiment at −12.0 °C.  
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