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Neutron imaging for automotive polymer
electrolyte fuel cells during rapid cold starts†
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Yoshihiro Matsumoto,c Hirotoshi Hayashida,c Hiroshi Nozaki,a Takenao Shinoharab

and Satoru Katoa

The phase transition from supercooled water to ice is closely related to the electrochemical

performance and lifetime of an energy device at sub-zero temperatures. In particular, fuel cells for

passenger cars face this issue because they are frequently started and stopped under sub-zero

conditions during the winter season. However, there is a lack of visual information regarding the

processes that occur within the fuel cell stack, and insight into how to improve the safety and

performance during cold starts is lacking. In this study, we developed an operando neutron imaging

system to visualise the water distribution inside an automotive single cell simulating a fuel cell stack

during cold starts. This was achieved using a rapid heating unit. In addition, we showcased cold-start

tests at three different sub-zero temperatures, and the obtained results suggest that pre-conditioning

residual water and post-cold-start meltwater have an impact on the rapid cold-start performance.

Introduction

In cold climates, ice can form inside water-containing electro-
chemical energy devices, including polymer electrolyte fuel cells
(PEFCs),1,2 water electrolysers3–5 and carbon dioxide reduction
cells.6,7 The adverse effects of freezing water inside the electro-
des of these devices pose a risk of cold-start failure and material
degradation.8,9 This climate-related issue is particularly pro-
nounced in PEFCs that are used in passenger-oriented fuel cell
electric vehicles (FCEVs) with frequent start–stop cycles.10

The hydrated proton exchange membrane (PEM) present in
PEFCs is known to retain proton conduction at temperatures as
low as�40 1C, allowing for faradaic current transfer between the
electrodes during cold starts. For a successful cold start at sub-
zero temperatures, the cell must be warmed above 0 1C before
the produced water freezes. In a commercial FCEV, the fuel cell
stack is operated with the priority of generating sufficient waste
heat to warm the stack quickly, while simultaneously providing
electrical power to the vehicle during the cold start.11

Cold-start failure is caused by ice aggregation, which occurs
due to freezing of the produced water, and interrupts the
air supply to the cathode. The metastable supercooled water

produced at the cathode suppresses freeze-out, thereby providing
time for heat generation during cold starts.12,13 The freezing
mechanism and its adverse effects have long been debated
in the contexts of material development14,15 and protocol
optimisation.9,16–18 Indeed, many operando and post-mortem
studies have shown that the cold-start temperature affects the
location of ice aggregation at the cathode electrode, including the
catalyst layer (CL), the gas diffusion layer (GDL), and the gas flow
channels. Although ice formation has been observed at the
cathode CL after a cold start from cryogenic conditions below
�10 1C,19–26 ice aggregates have also been visualised in the
cathode gas flow channels during a cold start from mild condi-
tions (�10 to �5 1C).27–32 Failure due to ice blockage in the
cathode GDL and gas flow channels can be identified by a high
pressure drop from the cathode inlet to the outlet,31,33 while a
drop in the current density without a corresponding pressure
drop implies ice formation in the cathode CL.33

In cold-start research, a gap exists between academic
research and industrial development owing to the prohibitive
cost of stack tests. The fact that the number of patents per
year exceeds the number of journal articles further confirms
this gap.34 Cold-start studies usually involve two types of
experimental protocols, namely non-isothermal and isothermal
protocols. Previously, a non-isothermal protocol was used to
investigate the ability of a stack to start by self-heating. This
study was relevant for commercial applications, with such
measurements typically aiming to confirm that the stack can
reach temperatures above 0 1C before cold-start failure occurs
due to the presence of frozen water.17,18,35 In general, a fuel cell
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stack requires waste heat from multiple cells within a stack to
overcome the heat capacity of the end plates during a cold start;
therefore, a stack of more than 20 cells is typically required.36

In contrast, academic research typically uses small single cells
to understand the freezing mechanism during an isothermal
cold start at moderate sub-zero temperatures.12–15,19–26,28–32

Such isothermal tests examine the water storage capacity before
cold-start failure by applying a minimal galvanostatic load for
minimal water and heat production rates. The effects of heat
transfer36 and cell size37 on the cold-start performance are
often ignored or trivialised, and so efforts should be focused
on bridging the gap between the findings of academic research
and actual fuel cell stack development.

In recent years, our research group established a technique
for visualising water inside PEFCs. This is based on the use of
operando neutron imaging at the RADEN facility of the Japan
Proton Accelerator Research Complex (J-PARC).38 The water
behaviour in a 2nd generation FCEV (MIRAI, Toyota Moter
Corporation, Japan) was examined at 60 1C, and the inhomo-
geneous in-plane liquid water distribution induced by water
back-diffusion from the cathode to anode was revealed.39 In
addition, our group also proposed a method for water/ice
identification in a water/ice mixture using pulsed neutron
beams40,41 and demonstrated the water/ice distribution in a
2nd generation MIRAI at sub-zero temperatures.42

Thus, we herein report the establishment of a system to assess
the water distribution in automotive single cells during a rapid
cold start. For this purpose, a heat-assisted device was employed
to reproduce the heat transfer and current behavior of a single cell
within a fuel cell stack. The aim of this study is to showcase the in-
plane water distribution in a 2nd generation MIRAI during cold
starts at different sub-zero temperatures, in addition to revealing
the thawing behavior during rapid cold starts.

Results
Operando neutron imaging system

An automotive PEFC used in a stack of a 2nd generation
MIRAI35,39,42–44 was placed in an environmental chamber
purged with a dry air flow to maintain the dew point below
�30 1C. The operando neutron imaging system installed in the
RADEN instrument was updated from previous studies.39,42 For
the current study, the PEFC was operated at currents of up to
1000 A and supplied with humidified gases, namely hydrogen/
nitrogen at the anode (0.2–10 L min�1) and air/nitrogen at
the cathode (1.0/0.2–50/10 L min�1), over a dew point range
of 15–80 1C. Fig. 1a shows the cooling system used to perform
the cold-start experiments (minimum start temperature of
�30 1C), wherein this system consists of an in-house heat
exchanger and a commercial chiller (FP89-HL, JULABO, Ger-
many). Temperature-controlled Fluorinert (FC-3283, 3M Com-
pany, USA) with a high degree of neutron transmittance was
circulated on both sides of the PEFC using a pump. The
circulating system was used to regulate the cell temperature
with minimal interference from the neutron beam, thereby

allowing high-quality neutron images to be acquired. Silicone
oil (10 L; KF-96-10cs, Shin-Etsu Chemical, Japan) was employed
as the cooling medium in the chiller to cool the Fluorinert in
the in-house heat exchanger. Rapid control of the cell tempera-
ture was achieved by switching from a cooling system (Fig. 1a)
to a rapid heating system (Fig. 1b). Ethylene glycol (Nybrine Z-1,
Nisso Shoji, Japan) was employed as the heating medium in the
in-house heating circulator to secondarily heat Fluorinert
through another in-house heat exchanger. A large amount of
ethylene glycol was required to achieve a rapid temperature
increase. The estimated heat capacity, which was mainly attrib-
uted to the aluminium pads (15 kg) and the Fluorinert compo-
nent (7 kg), reached a total of 627 kJ K�1, and the amount of
heat required to raise the cell temperature from�30 to 0 1C in 1
min was estimated to be 8 kJ s�1. To satisfy these requirements,
a heat storage tank containing 20 L of ethylene glycol was
prepared to achieve a maximum heating rate of 1.4 1C s�1

(using the heating medium at a temperature of 90 1C). In this
study, the ethylene glycol temperature was set to 55 1C to
achieve a heating rate of 0.5 1C s�1 to simulate the coolant
temperature of a fuel cell stack during rapid cold starts.35

Details of the switching system installed in the environmental
chamber and the in-house rapid heating unit are provided in
Fig. S1 and S2 (ESI†), respectively.

Fig. 1c shows an aluminium pad containing the circulating
temperature-controlled Fluorinert. These pads are located on
both sides of the automotive PEFC in a parallel-flow configu-
ration upstream of the cathode. An engineered dome-shaped
pad on the anode side was used to provide a uniform contact
pressure distribution over the entire electrochemically active
area, clamping only at the periphery (Fig. 1d). This improve-
ment allowed water visualisation experiments to be performed
over the entire electrochemically active area without the field-
of-view limitations imposed by a cross-shaped fixture.42

The top panel of Fig. 1e shows the neutron transmission
image of the automotive PEFC under dry conditions. Twelve
thermocouples were inserted between the pad and the auto-
motive PEFC at the cathode and anode, respectively, and a total
of 24 points were measured simultaneously during neutron
imaging. The water content in each pixel was determined from
the difference in neutron transmittance between the dry and
wet images using the Beer–Lambert law. The total water content
was defined as the cumulative value of the electrochemically
active area of the automotive PEFC. In addition, the water
content was divided into four positions in the lateral direction
to investigate the effect of the cathode gas flow position on the
water content during the rapid cold starts (bottom panel of
Fig. 1e). The positions upstream and downstream of the
cathode correspond to positions 1 and 4, respectively. Because
the segmentation area per position differed slightly upon
insertion of the thermocouples, the water contents at positions
1–4 were expressed in terms of the water content per square
centimetre. Fig. 1f illustrates a typical PEFC configuration
consisting of CLs, GDLs and gas flow channels at the cathode
and anode, which were separated using a PEM. The gases were
supplied to the cathode and the anode in a counterflow
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configuration through the gas flow channels in the flow-field
plates.

Cold-start performance

Based on the consensus that the freezing point at the cathode
depends on the cold-start temperature,34 cold starts were
studied at three different sub-zero temperatures. Fig. 2a shows
the electrochemical performances during these cold starts,

wherein it can be seen that the current maximum was observed
immediately after the cold start. More specifically, at cold-start
temperatures of �5.5 and �8.0 1C, a current maximum of 150 A
was obtained, as defined by the air stoichiometry. In contrast,
only 90% of the theoretical current (150 A) was achieved at a
cold-start temperature of �12.0 1C. After reaching the current
maximum, the current decreased rapidly at lower cold-start
temperatures. The rapid heating mode was turned on 70 s after

Fig. 1 Setup of the rapid cold start and automotive PEFC configuration. (a) Cooling and (b) rapid heating systems. (c) Pads circulating Fluorinert in a
parallel-flow configuration upstream of the cathode. (d) Illustration of the dome-shaped pad and contact pressure distribution inside the automotive
PEFC. (e) Neutron transmission image of a cell equipped with a single cell in a 2nd generation MIRAI (top) and photograph of the 2nd generation MIRAI
(bottom). Positions 1–4 on the image show the segmentation areas employed for analysis. (f) Cross-sectional view of a typical laminated PEFC structure.
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the cold start to simulate the increase in coolant temperature in
the fuel cell stack during an actual cold start.35 At this point, the
average cell temperature responded quickly, exceeding 0 1C in
10 s, with discontinuous jumps in the current. Even after reach-
ing a typical operating temperature of 45 1C after 230 s of
external heating, the current did not reach the expected max-
imum, and an additional time of B100 s was required to recover
to the current maximum. In addition, no significant perfor-
mance degradation was observed during normal-temperature
operation (45 1C), even after three repeated cold-start experi-
ments (Fig. S3 of the ESI†). Notably, the cell temperature showed
almost the same behaviour, despite the more pronounced delay
in current recovery at lower cold-start temperatures. Freezing
and thawing behaviour would be involved in the current recovery
process. The mechanism based on operando neutron imaging
data is discussed in the next subsection.

In addition, as shown in Fig. 2b, the pressure drops from the
cathode/anode inlets to the outlet. The trend for the cathode
was more variable than that for the anode, indicating that the
cathode was more affected by the accumulation of produced
water. For the cold-start processes performed between �5.5 and
�8.0 1C, the pressure drop observed at the cathode increased
during the current drop stage. This trend can be explained by
considering ice formation in the cathode GDL and in the
cathode gas flow channels. In contrast, the pressure drop was
mitigated for the cold-start processes performed beyond
�12.0 1C, suggesting that the adverse effect of ice formation
on the cathode electrode was more severe in the CL than in the
GDL and the gas flow channels. After reaching a steady state,

the pressure drop remained essentially constant. The detection of
Joule heating provides indirect evidence regarding the evolution
of the power output during a cold start. Fig. 2c–e show the cell
temperatures at four vertically segmented positions. It can be seen
that immediately after the cold start, the cell temperature
increased at the cathode outlet and gradually increased upstream
(see insets, Fig. 2c–e). This result indicates that power generation
started at the cathode outlet and shifted to the cathode inlet.

After the heating mode was turned on, the cell temperature
increased downstream from the cathode inlet owing to the flow
of the coolant (Fig. 1c). After reaching a steady state, the cell
temperature at the cathode inlet was maintained at B4 1C
higher than that at the outlet. The temperature difference
between the cathode inlet and outlet was D0.3 1C when the
fuel cell was cooled to �12.0 1C. However, the cell temperature
differences between the cathode and anode and between the
top and bottom were only D0.1 1C (Fig. S4 of the ESI†).

Operando neutron imaging

Fig. 3 shows the neutron transmission images extracted from
the time-lapse images (Videos S1–S3 of the ESI†) at three
characteristic points, namely the current maximum at 30 s,
the current drop at 80 s, and the current recovery at 150 s.
The neutrons were attenuated by the accumulated liquid water,
and the degree of attenuation (up to 5%) depended on the
water content.

The maximum area-specific water contents, calculated from
the porosity and thickness at the cathode CL and GDL, were
below 1 and 20 mg cm�2, respectively (see Fig. S3 and the ESI†

Fig. 2 Cold-start performances at three sub-zero temperatures. (a) Variation in the current with the average cell temperature. (b) Pressure drop from the
cathode/anode inlet to the outlet over time at different temperatures. (c–e) In-plane temperature distributions at four vertically segmented positions.
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for details), corresponding to neutron attenuations of less than
0.5 and 8%, respectively (eqn (1)).

This trial calculation indicates that it is difficult to visually
detect the water accumulation in the cathode CL from the
difference in neutron transmittance, and it also suggests that
the black shadows in Fig. 3 can be associated with water
accumulation in the cathode GDL. The straight-line shadows
reflect the geometry of the cathode gas flow channels, where
water accumulated to a greater extent than at the cathode
electrode (i.e., the sum of the CL and GDL).39,42

In the neutron images recorded at the current maximum stage,
a uniform water distribution was observed throughout the PEFC,
with no water aggregates being detected in the cathode GDL or gas
flow channels. These observations indicate that the produced
water did not drain outside the cathode CL. In contrast, during
the current drop stage, a non-uniform water accumulation was
observed in the cathode GDL (and in the cathode gas flow
channels at �5.5 1C) close to the cathode inlet. This non-
uniform water distribution indicates that the power generation
site was concentrated upstream of the cathode, as the amount of
produced water corresponded to the current, suggesting that the
produced water in the cathode CL was completely frozen down-
stream of the cathode. This trend is consistent with the cell-
temperature distribution presented in Fig. 2c–e. During the cur-
rent recovery stage, this non-uniform water accumulation was
gradually mitigated (Fig. 3c, f and i; Videos S1–S3 of the ESI†).
This result implies that the frozen water melted after reaching the
freezing point. In addition, water aggregates were observed in the
cathode outlet manifold (lower right segments in Fig. 3c and f).

Quantification of the water content

Fig. 4a–c show the temporal dependence of the area-specific
water content at vertically segmented positions from upstream
position 1 to downstream position 4 of the cathode. Quantita-
tive analysis revealed that the water content near the cathode

outlet increased immediately after the cold start. The water
content at position 4 was B1 mg cm�2, which corresponded
to the allowable water content of the cathode CL. Thereafter, the
water content near the cathode inlet exceeded that near the
cathode outlet during the current drop stage. These results
indicate that power generation started downstream of the cath-
ode and gradually migrated upstream during the cold start,
which is consistent with the temperature distribution results
(Fig. 2c–e). During the current recovery stage, the amount of
water near the cathode inlet decreased. This result indicates
water migration downstream of the cathode due to ice thawing.
Fig. 5 displays a schematic illustration of the water and ice
locations at the cathode electrode during a rapid cold start based
on pressure drop (Fig. 2b) and neutron imaging data (Fig. 4a–c).

As the cell temperature increased towards a normal operat-
ing temperature, the difference in the water content tended to
decrease; however, even after the cell temperature reached a
steady state, the water distribution still reflected the water
distribution during the current recovery, which depended on
the cold-start temperature. The difference between the water
contents evaluated from the current and from the neutron
transmittance (eqn (1) and (2)) provides insights into the
discharged water content, i.e., the drainage capacity.

Fig. 4d shows the temporal dependence of the total water
content at the three different cold-start temperatures investi-
gated here. At sub-zero temperatures, the water contents eval-
uated from the two datasets were in good agreement, indicating
that most of the supercooled water generated during sub-zero
power generation was stored within the cell, rather than being
discharged. Water discharge outside the cell was observed after
the total water content reached B800 mg at a cell temperature
40 1C.

In the steady state, the total water content was B1000 mg at
all cold-start temperatures, suggesting that the drainage capa-
city after the cold start was identical at the three cold-start

Fig. 3 Neutron transmission images during rapid cold starts. Images of (a–c) the current maximum, (d–f) the current drop and (g–i) the current recovery
stages. (a, d and g) Images recorded at a cold-start temperature of�5.5 1C. (b, e and h) Images recorded at a cold-start temperature of�8.0 1C. (c, f and i)
Images recorded at a cold start of �12.0 1C.
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temperatures, regardless of the non-uniform water distribution
(Fig. 4a–c). The allowable water contents calculated from
the porosity and thickness at the cathode CL and GDL
were B150–200 and 4000–4500 mg, respectively (Fig. S5 of
the ESI†), indicating that liquid water can accumulate at
the cathode electrode up to a water saturation degree of
B0.2–0.25. This estimation agrees with previous studies based
on the evaluation of small single cells using synchrotron X-ray
radiography.39,45

Discussion

As shown in Fig. 3h, the cryogenic cold-start conditions resulted
in ice formation in the cathode CL at sub-zero temperatures. This
is consistent with the indirect evidence of a pressure drop (Fig. 2b)
and previous post-mortem studies.19–26 In contrast, ice aggregation
in the GDL and cathode gas flow channels was confirmed under
mild cold-start conditions (Fig. 3b). The supercooled water did not
reach the cathode outlet at sub-zero temperatures, as evidenced
by a comparison of the total water content in the cell with the
produced water content (Fig. 4d). Importantly, the phase transi-
tion of metastable supercooled water to ice can be induced in
multiple ways, such as through mechanical shock,28 residual
water46 and migration to larger pores.47–49 The initiated freezing
process then extends over the entire cell, and freezing occurs
within a short time. As previously reported, phase transitions
associated with random ice nucleation have a high probability of
freezing in large-sized PEFCs with a higher water content.37

During a cold start in an automotive PEFC containing 500 mg
of water (Fig. 4d), it is impossible for the supercooled water to
travel several tens of centimetres and eventually discharge to the
cathode outlet. These findings validate the conventional concept
of how to break through a temperature of 0 1C before freezing of
the produced water occurs during a cold start.

The observed water accumulation near the cathode inlet
during the cold start (Fig. 3) indicates that concentration of the
current occurred. This effect has also been observed in a fuel
cell stack using current distribution analysis.35 This can be
explained by considering ice formation at the cathode outlet
caused by the residual water after pre-conditioning,35 as well as
the produced water immediately after cold start. Under normal
operating conditions, the produced water accumulates at the
centre and downstream of the cathode rather than upstream.39

The dry air supplied during the purging process in the pre-
conditioning step prioritises water evaporation at the cathode
inlet,35,50 and so a long purge protocol causes the PEM to
over-dry and lose the proton conductivity required for power
generation. This trade-off effect masks the elimination of resi-
dual water near the cathode outlet. A small amount of residual
water (several tens of milligrams for the entire automotive PEFC)
was present in the hard-to-evaporate CL (Fig. 4a–c), suggesting
the need to consider other approaches, such as coolant
heating,51 gas heating,52 electric heating53 and hydrogen pump
heating,54 as well as optimisation of the purge protocols.

Importantly, in the current study, in-plane water distribu-
tion was visualised for the first time during the rapid heating of
an automotive PEFC from sub-zero temperatures. This new
observation sheds light on the slow current recovery behaviour
after a successful cold start. The current recovery process is
related to the improvement in the cold-start efficiency and
shorter cold-start times.

Several previous studies have reported slow current recovery
behaviours in fuel cell stacks.17,18,35 For example, Tabe et al.23

claimed that the meltwater after a cold start, which is different
from the produced water distribution during normal-
temperature operation, blocks the oxygen supply to the cathode

Fig. 4 Water content during rapid cold starts. In-plane water distribution
at four vertically segmented positions for cold-start temperatures of (a)
�5.5 1C, (b) �8.0 1C and (c) �12.0 1C. (d) Total water content evaluated
from the neutron transmittance and current.

Fig. 5 Schematic illustration of the water and ice locations at the cathode
electrode during rapid cold starts. The cathode electrode structure is not
drawn to scale.
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CL, resulting in a deterioration of the electrochemical perfor-
mance. Due to the detection limit of neutron imaging (see the
Experimental section), there is no direct evidence of an
adsorbed nano-scale water layer that inhibits oxygen molecules
from accessing the platinum surface.

However, the inhomogeneous in-plane water distribution
during the cold start was detected, even after reaching normal
operating conditions (Fig. 3). In addition, the non-uniformity
was more pronounced at lower cold-start temperatures (Fig. 4a–c).
Freezing propagation would promote water accumulation in
micro-scale regions where water is difficult to evaporate (e.g.,
cathode GDL/CL interfaces and cathode CL pores). Moreover,
lower cold-start temperatures increased the probability of freezing
in the cathode CL, which contributed to the subsequent non-
uniformity in the water distribution. Switching to a mode that
operates the fuel cell stack at high temperatures effectively accel-
erates water evaporation in the cathode CL, thereby erasing the
water distribution history after a rapid cold start.

Experimental
Operando neutron imaging system

A 20 mm-thick 2nd generation MIRAI catalyst-coated membrane
(CCM) was employed for the purpose of this study. The CCM
contained an 8.5 mm-thick reinforced PEM,39 in which some of
the proton sites were replaced by Ce ions for radical quenching.
The anode CL contained a Pt catalyst (0.03 mgPt cm�2) supported
on carbon black, while the cathode CL contained a Pt–Co alloy
catalyst (0.17 mgPt cm�2) supported on mesoporous carbon
nanodendrites.55 An ionomer with a three-times higher oxygen
permeability than conventional Nafion ionomers was used in the
cathode CL.56 The membrane electrode assembly was prepared
by sandwiching GDLs with microporous layers on both sides of
the CCM. A partially narrowed flow-field plate was used at the
cathode to compress and assemble the membrane electrode
assembly.43 The contact pressure was measured using a pressure
measurement film (Prescale LLW, Fujifilm, Japan).

Cold-start procedure

The automotive PEFC was powered by a gas control unit
(custom order, Enoah, Japan), a chiller (RKS1503J, ORION
Machinery, Japan) and an electronic load unit (KFM2150 SYS-
TEM, PLZ1004WS and PLZ2004WB � 2, KIKUSUI, Japan). The
cold-start tests at three different sub-zero temperatures were
sequentially performed from lower cold-start temperatures
using the same cell. The cold-start procedure consisted of four
steps, namely pre-conditioning, external cooling, cold-start and
external heating. Pre-conditioning, which included drying, wet-
ting and purging, was performed to overwrite the history of the
water accumulated during the previous power generation process.
The numerical parameters for the pre-conditioning stage can be
found in the literature.35 After pre-conditioning, the gas supply
was stopped, and cooling was conducted until reaching the
desired cold-start temperature; this temperature was achieved by
controlling the coolant temperature. After stabilisation of the cell

temperature, a rapid cold start was performed in the constant-
voltage mode (0.2 V, 1.4 L min�1 dry hydrogen flow at the anode,
2.6 L min�1 dry air flow at the cathode). The programme start was
defined as the start time (0 s). The cell voltage was then swept to
reach 0.2 V after 20 s. Subsequently, the external heating unit was
switched on for 70 s.

Neutron imaging

Operando neutron radiography was performed at the RADEN
instrument in J-PARC. An automotive PEFC equipped with an
environmental chamber was installed on the sample stage 23 m
from the neutron source. A neutron detector was placed imme-
diately behind the PEFC. The neutron beam was collimated
using a 50.1 mm-diameter aperture installed in the shutter
section. The neutron wavelength range was set to 0.23–0.88 nm
using a wavelength-definition chopper system.38 The beam
divergence L/D was 398, where D is the aperture width and L
is the distance from the aperture to the detector. The detector
system consisted of a CMOS camera (ORCA Flash4.0, Hama-
matsu Photonics K.K., Japan), an optical image intensifier
(C14245-12112-A1, Hamamatsu Photonics K.K.), an optical lens
(Nikkor 35 mm, Nikon, Japan) and a 0.3 mm-thick ZnO/6LiF
scintillator screen (NDFast, Scintacor, UK). Sequential image
capture was performed with a 1 s exposure. The proton-beam
power used in the measurements was 770 kW. The raw data
were corrected with a dark current image and then compen-
sated for incident beam intensity fluctuations and detector
damage due to the high-intensity neutron irradiation.42 This
image processing was performed using ImageJ software.57

Quantification of the water content

The water coent was evaluated using neutron transmission
imaging and power generation. The water content obtained
from the neutron transmittance (mneutron) was calculated using
the Beer–Lambert law:

mneutron ¼
Ad

m
ln

Tdry

Twet

� �
(1)

where d is the density of water, A is an arbitrary analysis area, m
is the conversion coefficient for H2O, Tdry is the neutron
transmittance intensity at the open-circuit voltage under a dry
gas flow and Twet is the neutron transmittance intensity during
power generation. In this study, d was set to 1.0 mg cm�3 and
was considered a temperature-independent constant. A water-
filled quartz cell was used to evaluate m, and a calibration value
of 0.0042 cm�1 was obtained. The detection limit depends on
the intensity fluctuations of incident neutron beams and the
shot noise inherent in the neutron detector. The quantitative
reliability was �0.5 mg cm�2 of the water content (�5 mm in
water thickness), as shown in Fig. S6 of the ESI.†

The water content obtained from the electrochemical mea-
surements (mcurrent) was calculated using Faraday’s law:

mcurrent ¼
M

2F

Ð
Idt (2)
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where M is the molar weight of H2O, I is the current and F is
Faraday’s constant.

Conclusions

An operando neutron imaging system was effectively established to
evaluate cold-start tests in automotive PEFCs, with the aim of
bridging the gap between small cell tests for liquid/ice visualisa-
tion and fuel cell stack tests that were previously inaccessible for
visualisation studies. The present study demonstrated for the first
time that the cold-start performance of a fuel cell stack could be
successfully reproduced in an automotive single cell while simulta-
neously measuring the water distribution using neutron radio-
graphy. This observation justifies the cold-start strategies for fuel
cell stacks proposed by previous small cell studies.12–15,19–26,28–32

Additionally, neutron imaging highlighted the effects of residual
water and meltwater on the cold-start performance. The observed
cell voltage drop, which was recovered upon refreshing the cell
with a gas purge, was considered analogous to the memory effect
in batteries.58,59 This finding offers inspiration for improving the
cold-start performances of fuel cell stacks and will be expected to
benefit the fuel cell community.
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