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h i g h l i g h t s
� Cold start cycling tests down to �30 �C on prototype fuel cell stacks were conducted.

� Thinning of the cathode layer up to 13% was observed near the air outlet.

� Ice formation may cause high internal voltage and cathode carbon corrosion.

� Hydrogen crossover easily meets targets under US and Japanese protocols.

� Prototype fuel cell stacks successfully meet the cold start durability targets.
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System durability is crucial for the successful commercialization of polymer electrolyte

fuel cells (PEFCs) in fuel cell electric vehicles (FCEVs). Besides conventional electrochemical

cycling durability during long-term operation, the effect of operation in cold climates must

also be considered. Ice formation during start up in sub-zero conditions may result in

damage to the electrocatalyst layer and the polymer electrolyte membrane (PEM). Here, we

conduct accelerated cold start cycling tests on prototype fuel cell stacks intended for

incorporation into commercial FCEVs. The effect of this on the stack performance is

evaluated, the resulting mechanical damage is investigated, and degradation mechanisms

are proposed. Overall, only a small voltage drop is observed after the durability tests, only

minor damage occurs in the electrocatalyst layer, and no increase in gas crossover is
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observed. This indicates that these prototype fuel cell stacks successfully meet the cold

start durability targets for automotive applications in FCEVs.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1 e (a) Schematic image of the 2nd-Generation Toyota

MIRAI FCEV. (b) 2nd-Generation fuel cell stack assembly

with balance of plant. (c) Single fuel cell module including a

membrane electrode assembly (MEA) and separators.
Introduction

To contribute to a meaningful decarbonization of society, the

automotive industry plans to accelerate the realization of the

“connected, autonomous, shared, electric (CASE)” and the

“Mobility as a Service (MaaS)” concepts. As such, the electri-

fication of mobility technologies is becoming increasingly

important, as already demonstrated in battery electric vehi-

cles (BEVs). More recently, the focus is shifting to fuel cell

electric vehicles (FCEVs) as a core technology towards auto-

mobile electrification [1e3]. In support of this, the Interna-

tional Energy Agency (IEA) highlighted the importance of fuel

cell technologies in its recent “Future of Hydrogen” report [4].

For example, in 2014, Toyota began commercialization of its

1st generation FCEV, the MIRAI, towards the goal of automo-

bile electrification [5e9]. The new Toyota MIRAI model,

incorporating the 2nd generation fuel cell stack system was

released in December 2020, as shown in Fig. 1: (a) FCEV, (b) FC

system, and (c) single cell consisting of anMEA and separators

[10e13].

For the popularization of FCEVs as commercial products,

sufficient reliability and durability of the fuel cell system are

essential, and many reports have discussed durability issues

in fuel cell systems [14,15]. Two main factors have been pro-

posed in the deterioration of fuel cell system performance.

One is performance drop due to degradation of the electro-

catalyst layer [16e19]. Another is increased gas crossover due

to degradation of the polymer electrolyte membrane (PEM)

[20e24].

Degradation of the electrocatalyst layer is attributed to

platinum dissolution (induced by fluctuating cell voltage);

Ostwald ripening (due to redeposition on larger Pt nano-

particles); platinum aggregation (due to weak metal-support

interaction between Pt-based catalysts and carbon supports),

and electrode thinning (due to oxidation and gasification of

the carbon support). Meanwhile, degradation of the PEM is

attributed to membrane thinning by peroxide radical attack;

pinhole and crack formation in the cell due to dry-wet cycling;

and/or volumetric changes resulting from ice formation. The

relationship between radical generation under open circuit

voltage (OCV) conditions and membrane thinning has been

previously investigated [25]. For example, Kreitmeier et al.

performed qualitative analysis of pinhole formation using

Fourier transform infrared spectroscopy (FT-IR) combined

with microscopic observation [24].

Durability evaluation of PEMs is generally performed using

four different protocols: (i) OCV holding tests to highlight

chemical degradation; (ii) wet-dry cycling tests to evaluate

mechanical deterioration; (ⅲ) start-stop cycling tests; and (ⅳ)

load cycling tests. These protocols have been standardized by

the United States Fuel Cell Council (USFCC) and the United
States Department of Energy (DOE) [26,27]. Similarly in Japan,

the Fuel Cell Commercialization Conference of Japan (FCCJ),

the New Energy and Industrial Technology Development Or-

ganization (NEDO), and the Japan Automobile Research Insti-

tute (JARI) have also proposed their own standardized

evaluation protocols [28e30].

In real-world applications, sometimes FCEV systems must

be operated in sub-zero conditions, where the water already

inside the cell is frozen. However, mechanical damage due to

ice formation in cold climates has not yet been included in

such standardized evaluation protocols mentioned above.

Even in sub-zero conditions, thewater generated in a PEFC can

remain in a supercooled liquid state for some time after start

up [31,32]. If this supercooled state is not maintained, a
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Fig. 2 e Cross-sectional images of typical damaged MEAs observed by FE-SEM.
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sudden phase transition to the solid state can occur. The

resulting formation of solid ice crystals within the PEFCmight

cause e.g. delamination of the PEM from the electrocatalyst

layer; mechanical damage to the PEM; or cracking of the

microporous layer and/or electrocatalyst layer, as shown in

Fig. 2. Several investigations into the performance of PEFCs in

cold conditions have been published [33,34]. For example,

Biesdorf et al. reported a clear dependance on electrode area

for the cold start capability of PEFCs, with smaller electrodes

resulting in improved performance [33]. Meanwhile, Chika-

hisa et al. reported visualization of water generated in the

electrocatalyst layer in sub-zero conditions using cryo scan-

ning electron microscopy [35], as well as showing the depen-

dance of the mechanical damage on the start-up temperature

[36].

In the case of FCEV operation in cold climates, a rapid start-

up process can be employed to warm up the fuel cell system

before use [31]. A typical polarization curve under normal fuel

cell operating conditions is shown in Fig. 3. The red circle

corresponds to the point of normal operation, and the area A

is proportional to the waste heat generated during operation.

Meanwhile, a typical polarization curvemeasured under rapid

start-up conditions is also shown in Fig. 3. Under rapid start-
Fig. 3 e Summary of the rapid cold start-up protocol

concept. Area (A) is proportional to the heat generated

during normal operation. Area (A)þ(B) is proportional to

the heat generated during rapid cold start-up.
up conditions, the air flow is reduced compared with normal

operating conditions to increase the concentration over-

voltage and intentionally lower the fuel cell efficiency. In

addition, the current density is much higher than under

normal operating conditions. Together, these factors result in

the generation of excess heat (proportional to the sumof areas

A and B). This allows the catalyst layer to heat up, increasing

the temperature to above its freezing point (>0 �C), and

allowing the fuel cell system to operate normally. During rapid

start-up operation in FCEVs, each cell in the prototype fuel cell

stack is monitored and controlled to ensure the voltage is al-

ways above 0 V.

Evaluation of PEFCs and elucidation of the degradation

phenomena after cold start operation are of great importance

for the mass-production and commercialization of FCEVs.

However, to the best of our knowledge, accelerated cold start

cycling tests of fuel cell stacks have not yet been reported. As

such, here we conduct such tests using in-house protocols on

a prototype fuel cell stack designed for integration into a

commercial FCEV, and clarify the effect of ice formation

within the system via microscopic observation and electro-

chemical evaluation.
Experimental procedure

Prototype fuel cell stack

The prototype fuel cell stack prepared for this study consisted

of 20 single cells in the stacks for cold start cycling durability

tests. A single cell module (sectioned to display the different

components) is shown in Fig. 1 (c), and this was subjected to

accelerated cold start stress tests. This stack was designed

and built in-house by Toyota Motor Corporation. Each cell

comprised a membrane electrode assembly (MEA) sand-

wiched between carbon paper gas diffusion layers (GDLs) and

metal titanium separators, and was sealed using a proprietary

thermoplastic gasket [10,11]. Mesoporous carbon nano-

dendrite (MCND) supports decorated with PteCo alloy cata-

lysts were employed at the cathode [11]. Meanwhile a Pt

catalyst decorated on carbon blackwas used at the anode. The

Pt loading was 0.17 mg-Pt cm�2 at the cathode, and 0.025 mg-

Pt cm�2 at the anode. An ionomer with three times higher

oxygen permeability compared to conventional Nafion ion-

omers was used in the electrocatalyst layers [37]. Separator 1

uses a “partially straight flow field”, and both separators are
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Fig. 4 e Cold start cycling test protocol. The starting

temperature for each cycle is either ¡10, ¡20, or ¡30 �C.
The selected number of cycles at each temperature was

determined based on typical climate information in

Canada.
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coated with a titanium oxide (TiOx) and carbon nano-

composite layer to improve electronic conductivity and

minimize contact resistance [10e13]. The hydrogen and air

gas inlets were both located at the positive terminal side of the

stack, and separately supplied to the anode and cathode via a

flow field. Coolant (water mixed with ethylene glycol) was

introduced through a separate flow field system.

Rapid start-up cycling tests in sub-zero conditions

Rapid start-up cycling tests of fuel cell stacks under cold

conditions included three main steps: (i) preconditioning; (ii)

cooling; and (iii) rapid start-up, as shown in Fig. 4. Detailed

experimental conditions are compiled in Table 1. Typical data

of one cycle with these three steps is shown in Fig. 5. Three

different temperatures and the number of cycles were

selected according to temperature and climate data obtained

in Quebec, Canada from 2010 to 2012 [38]. In this study, this

translates to 890 cycles at �10 �C; 332 cycles at �20 �C; and 19

cycles at�30 �C, or a total of 1241 cycles, equivalent to an FCEV

lifetime of 15 years in Canada. The order of measurement of
Table 1 e Summary of the three different steps during the pre

Procedure Drying

Coolant temp. [�C] 70 / 25

Current density [A cm¡2] e

Gas flow rate Flow rate [L min�1 cell�1]

Anode 3.5

Cathode 10

Stoichiometric ratio

Anode e

Cathode e

Gas temp. [�C] Anode 80

Cathode 80

Gas dew point [�C] Anode e

Cathode e

Gas pressure [kPa abs.] Anode e

Cathode e

Time period Until cell impedance exceeds
the different temperatures was �20 �C, �10 �C, and then

�30 �C. Rapid start-up from the extreme temperature of

�30 �C is rarely required in the real world, and therefore

cycling at this temperature was performed at the end.

Within the preconditioning step, three separate sub-steps

were employed to ensure a constant amount of water in the

stack throughout the cold start cycling test. The specific

conditions of each step are summarized in Table 1. First, a

drying process was applied to the fuel cell stack using rela-

tively high gas flow rates, until a cell resistance exceeds

5 U cm2 at 25 �C (monitored via cell impedance). Second, a

wetting procedurewas applied by operating the fuel cell stack

system at a constant current density of 0.2 A cm�2, until the

stack temperature increased from 25 to 62 �C (monitored via

the temperature of the coolant fluid). Thirdly, 80% of water

(relative to the fully humidified condition) was removed from

the fuel cell stack in a setting step, by flowing dry air through

the system for 40 s (decreasing the stack temperature from 62

to 58 �C). After the preconditioning step, the stack was sub-

jected to a cooling step. In this step, the system was cooled to

either �10, �20, or �30 �C for 50 min, by placing the fuel cell

stack in a cold chamber and controlling the coolant temper-

ature. Coolant was circulated in the system at all times,

maintained at the target temperature by passing it through a

recirculating chiller with sufficient cooling capability. The

thickness of the Ti foil separators was only ~100 mm, so that

the cell temperature can be assumed to be the same as the

coolant temperature. Before starting each measurement, it

was verified that the coolant temperature was at the target

temperature. Finally, the rapid cold start step was performed,

until the coolant temperature increased from the starting

temperature up to 30 �C.
To warm up the fuel cell system using the rapid start-up

procedure shown in Fig. 3 [31], power generation was initi-

ated (at 5220 s in Fig. 5) and maintained at 0.75 A cm�2 by

controlling the cell voltage at around 0.1 V. Detailed evalua-

tion conditions are compiled in Table 2. The coolant temper-

ature increased and reached 0 �C at the outlet after 140 s (at

5360 s in Fig. 5). The current density was then changed to

1.0 A cm�2, and the coolant temperature further increased,

reaching 30 �C after 480 s (at 5700 s in Fig. 5).
conditioning procedure.

Wetting Setting

25 / 62 62 / 58

0.2 e

e 0.56

e 3.6

2.2 e

1.8 e

80 25

80 25

45 �40

�40 �40

160 160

100 100

5 U cm2. Until coolant temperature reaches 62 �C. 40 s.
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Fig. 5 e Typical data obtained from one cycle test consisting of three steps (preconditioning, cooling, and rapid start-up),

from low temperature (the case of ¡20 �C).
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Hydrogen crossover leak tests

Quantification of damage in the fuel cell stack was carried out

by electrochemical gas crossover leak tests at each individual

cell. The hydrogen crossover across the cells in the stack was

measured in-situ without disassembling the stack, using the

following procedures.

First, theanodesideof thecell stackwasfilledwithhydrogen

gas under static conditions, and nitrogen gas was supplied to

the cathode at 1.0 L min�1 and 40 �C. The voltage due to

hydrogen permeation through the polymer electrolyte mem-

brane from the anode to the cathode was measured, and the

hydrogen crossover was calculated from the Nernst equation:

E ¼ 2.3026 � (RT/2F) � log10 [PH2(a)/PH2(c)] (1)

PH2(c) ¼ P � 4H2 / ZN2 (2)

where E is the cell voltage (V); PH2(a) is the hydrogen pressure

(kPa absolute) at the anode; and PH2(c) is the hydrogen pressure

at the cathode. R is the gas constant (8.31 J mol�1 K�1); T is the
temperature (K); andF is the Faraday constant (96,500Cmol�1).

P is the nitrogen pressure (kPa absolute) at the cathode; ZN2 is

the flow rate of N2 gas at the cathode; and 4H2 is the rate of

hydrogen crossover.

Evaluation of in-plane current distribution in the fuel cell
stack

To confirm the degradation mechanism precisely, the current

distribution of the fuel cell stack was measured. This current

distribution measurement was made using a stack with

13 cells, rather than 20 cells for the cold start cycling durability

tests. Fig. 6 shows the plate-like current detector with

segmented terminals. Experimental conditions for the current

distribution measurements are compiled in Table 2. This de-

tector, shown in Fig. 6 with 59 segmented terminals, was

inserted between the 6th cell and the 7th cell at the middle of

the 13-cell stack. Current density distribution was evaluated

from current density values detected at each terminal. The

resistance of the gold-based terminals was considered low

enough for accurate current density measurements.

https://doi.org/10.1016/j.ijhydene.2022.09.172
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Table 2 e Experimental conditions during the “setting” preconditioning step and the cold start step.

Process Setting Cold start

Coolant Temp. [�C] 62 e

Flow rate [L min�1 cell�1] 0.5 e

Current density [A cm�2] 0.06 0e1.2

Gas flow rate Flow rate [L min�1 cell�1]

Anode 0.56 e

Cathode 3.6 e

Stoichiometric ratio

Anode e 1.3

Cathode e <1.0
Gas temp. [�C] Anode e 80

Cathode e 80

Gas dew point [�C] Anode 45 e

Cathode �40 e

Gas pressure [kPa abs.] Anode 160 240

Cathode 100 140

Time period 180 s. Until coolant temperature reaches

30 �C

Fig. 6 e Segmented terminals for current distribution

analysis.

Fig. 7 e (a) Plot of the average cell voltage during the cold

start cycling test, obtained at 2.2 A cm¡2. (b) Current-

voltage curves before (filled circles) and after (open circles)

the cold start cycling test.
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Cyclic voltammograms

Cyclic voltammetry (CV) was conducted to confirm electro-

chemical surface area (ECSA) before and after the cold start

cycling test. Before CV measurements, a pretreatment step

was applied to stabilize the measurement conditions, in

which hydrogen gas was supplied to the anode at 2 L min�1

and 200 kPa absolute pressure, and nitrogen gas was supplied

to the cathode at 4 L min�1 and 100 kPa absolute (i.e., atmo-

spheric pressure). The dew point of both gaseswas 50 �C. After
this pretreatment step, the hydrogen and nitrogen supplies

were interrupted, and CV measurements were conducted in

the closed environment at 30 �C (200 kPa absolute pressure of

hydrogen on the anode side, and 100 kPa absolute pressure of

nitrogen on the cathode side). The voltage measurement

range was between 0.05 and 1.0 V, and the scan rate was

50 mV s�1. The voltage was cycled 5 times, and average

spectra were obtained from the 2nd to 5th cycles.

SEM observation of the cross sections of the electrocatalyst
layer

The microstructure of the electrocatalyst layers after cold

start cycling tests was observed by scanning electron micro-

scopy (SEM, S-4800, Hitachi High-Technologies, Japan) with an

acceleration voltage of 2.0 kV. Secondary electron images

were recorded.
Results and discussion

Stack performance

Using a stack with 20-cells, the average voltage per cell

measured at 2.2 A cm�2 throughout the cold start cycling test

is shown in Fig. 7 (a). The average voltage drops per cycle at

�10, �20, and �30 �C were 12, 18, and 316 mV cycle�1,

https://doi.org/10.1016/j.ijhydene.2022.09.172
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Fig. 8 e Hydrogen crossover during the cycle test (blue).

Average, maximum, and minimum values are shown.

Tentative criteria (target) of hydrogen crossover for FCEVs

(red) are also shown. (For interpretation of the references to

color/colour in this figure legend, the reader is referred to

the Web version of this article.)

Table 3 e Targets of hydrogen crossover and hydrogen
crossover current density, specified in DOE, USFCC [26],
and FCCJ [27e29] protocols. In-house targets are also
shown.

Sources Target values

Hydrogen
crossover

[nmol s�1 cm�2]

Hydrogen
crossover

current density
[mA cm�2]

DOE & USFCC target 103 20

FCCJ target 36e88 7e17

In-house target 30 5.8

Fig. 9 e Cross-sectional image of the MEA after the cold

start cycling test.
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respectively. This gives an indication of the effect of super-

cooled water generated in the cell [31,32]. If the temperature is

higher than �20 �C, the heat generated during the rapid start-

up process (Fig. 3) works effectively to maintain the (liquid)

water in a supercooled state until the temperature increases

to >0 �C, resulting in a relatively small voltage drop. In

contrast, at�30 �C, it is likely that some of the generatedwater

freezes immediately, causing physical damage and resulting

in a larger voltage drop.

The current-voltage performance of the stack was

measured before and after the cold start cycling test, as shown

in Fig. 7 (b). At a relatively low current density of 0.2 A cm�2

(i.e. 12 % of the maximum power density, corresponding to

averaged FCEV usage), the initial cell voltage was 0.827 V,

slightly dropping to 0.807 V after the cold start cycling test.

This represents a voltage drop of just 20 mV, or 2.4%. At the

relatively high current density of 2.2 A cm�2 (corresponding to

the maximum power density of the stack), the initial cell

voltage was 0.648 V, dropping to 0.625 V after the cold start

cycling test. This represents a voltage drop of only 23 mV, or

3.5%. In both cases, these voltage drops easily meet our

tentative in-house durability target for cold start operation of

an FCEV, namely a performance drop of less than 5% over 15

years. The durability up to 1241 cycles successfully demon-

strated in this study provides evidence of sufficient water

management, whereas inhomogeneous water distribution

would lead to mechanical damage due to ice formation. These

results indicate that the rapid start-up process can be applied

effectively in FCEVs in cold regions without sacrificing dura-

bility, although the performance drop is more significant

under harsher conditions, i.e. at �30 �C and below.

Gas crossover

Hydrogen crossover is a key indicator in the assessment of

PEM degradation bymechanisms such as membrane thinning

and pinhole formation. During the cold start process, physical

damage to the PEM by ice formation should be considered.

Hydrogen crossover values should be quantified and

compared with the targets specified by various organizations.

As such, hydrogen crossoverwasmeasured for each cell in the

stack during the cold start cycling test, as shown in Fig. 8. The

degree of hydrogen crossover did not change throughout the

test, clearly demonstrating that physical degradation of the

PEM via ice formation is not induced under cold start opera-

tion. Moreover, the value obtained for hydrogen crossover,

namely 15 nmol s�1 cm�2, is well within our tentative in-

house criteria (target) of 30 nmol s�1 cm�2. Here, it should be

noted that hydrogen crossover measured in this study is

defined in units of nmol s�1 cm�2. Meanwhile, hydrogen

crossover targets specified by the DOE and the USFCC are

stated in mA cm�2. These two different unit systems are

related to each other through the following equation:

Hydrogen crossover current density [mA cm�2] ¼ Hydrogen

crossover [nmol s�1 cm�2] � F [A s mol�1 (C

mol�1)] � n � 10�6 (3)

where F is the Faraday constant, and n is the number of

electrons in the hydrogen molecule (i.e., 2). The target of
hydrogen crossover current density by DOE and USFCC is

20 mA cm�2, which corresponds to hydrogen crossover of

103 nmol s�1 cm�2 (Table 3), which is significantly higher than

our in-house target of 30 nmol s�1 cm�2. Meanwhile, the FCCJ

sets its hydrogen crossover target as a “10 times increase in

hydrogen crossover, compared to the initial value”, and de-

fines a suitable hydrogen crossover current density target of

https://doi.org/10.1016/j.ijhydene.2022.09.172
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Fig. 10 e (a) Positions of the different measurement positions in the MEAs. (b) Summary of the thickness of the

electrocatalyst layers at different positions in the MEA after cycling tests (the dashed line is the thickness before the test). (c)

SEM images of the cathode surface of the MEAs at different positions in the MEA, after the cycling test.
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Fig. 11 e Proposed degradation mechanism of the MEA during cold start cycling. (a) Normal operation conditions. (b)

Situation during the setting process (see Table 1), in which the dry conditions are induced near the air inlet, but humid (wet)

conditions remain near the air outlet. (c) Situation during the cooling process, in which water back diffuses from the cathode

to the anode. (d) Situation during cold start operation, in which the internal voltage in the cathode results in carbon

corrosion.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 4 1 1 1 1e4 1 1 2 3 41119
around 7e17 mA cm�2. These values correspond to hydrogen

crossover of 36e88 nmol s�1 cm�2, which again ismuch higher

than our in-house target (Table 3). As such, the hydrogen

crossover values obtained in this study meet the US DOE and

USFCC target [26], the FCCJ target [27e29], as well as our in-

house target, confirming sufficient durability of the PEM

against cold start operation.

Microstructural observation

To confirm if any physical damage occurred in the fuel cell

stack after cold start cycling tests, microstructural evaluation

was carried out on the MEAs by SEM observation. In cross-

sectional SEM images, no delamination is observed between

the catalyst layer and the PEM, as shown in Fig. 9. This con-

firms that the MEAs are relatively tolerant to ice formation

during the cold start cycling tests.

Thickness evaluation of the electrocatalyst layer was per-

formed via cross-sectional observation at 9 different locations

within the MEA shown in Fig. 10 (a). The average initial thick-

ness of the anode electrocatalyst layer before the cold start

cycling tests was 2.9 mm, as shown with the dashed line in

Fig. 10 (b). After the test, the average thickness did not signifi-

cantly change, indicating that the rapid cold start process does

not affect the anode electrocatalyst layer. No significant vari-

ation in anode thickness was observed depending on the

location within the MEA.

In contrast, the average initial thickness of the cathode

electrocatalyst layer was 9.8 mm, as also shown with the

dashed line in Fig. 10 (b). After the cold start cycling test, this

decreased to 8.5 mm in average, corresponding to a reduction
in thickness of ~13%. In addition, a certain variation in the

cathode thickness was observed depending on the location

within the MEA. Near the air outlet (i.e., position No. 9 in

Fig. 10 (a)), thinning of the cathode electrocatalyst layer was

more significant than at any other location, and this is likely to

be attributed to carbon gasification. SEM observation of the

surface of the cathode electrocatalyst layer was also per-

formed at 9 different locations within the MEA, as shown in

Fig. 10 (c). A similar variationwith positionwas observed, with

very few cracks observed in the electrocatalyst layer near the

air inlet (positions No. 1, 4 and 7), but more cracking in the

middle of the MEA (positions No. 2, 3, 5, 6, and 8), and the

largest degree of cracking in the electrocatalyst layer near the

air outlet (position No. 9), shown in Fig. 10 (c). This cracking in

the electrocatalyst layer is attributed to repeated expansion

and contraction during the cycling test, resulting in mechan-

ical stresses. The mechanisms for increased degradation in

the cathode compared to the anode, and the increased

degradation in the region of the air outlet will be discussed in

more detail in the next section.

Degradation mechanisms

According to the literature, a major mechanism for MEA

degradation during start up is a reduced hydrogen concen-

tration at the anode, resulting in a local increase in voltage at

the cathode, in turn causing carbon support oxidation [39,40].

Under cold start up conditions, it is probable that the gener-

ation of high voltage and subsequent carbon support oxida-

tion in the cathode is due to a disruption of the hydrogen

supply at the anode resulting from ice formation.
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Fig. 12 e Summary of the current density distribution within the MEAs. (a) Drying process, cold start at (b) 0 and (c) 70 s.
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This phenomenon is schematically explained in Fig. 11.

During normal power generation, water is generated at the

cathode (Fig. 11 (a)). During the setting process in the pre-

conditioning step, some of the generated water remains near
the region of the air outlet (Fig. 11 (b)). During the cooling step,

some of the remaining water molecules diffuse through the

thin electrolytemembrane to the anode side of theMEA (Fig. 11

(c)). The remaining water at the anode and cathode then
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Fig. 13 e (a) IR-free voltage and (b) CV results before (blue)

and after (orange) the cold start cycling test. (For

interpretation of the references to color/colour in this figure

legend, the reader is referred to the Web version of this

article.)
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freezes, and the generated ice layer locally disrupts the

hydrogen supply at the anode (Fig. 11 (d)). At the corresponding

region in the cathode, the remaining liquid water undergoes

the oxygen evolution reaction, generating oxygen gas mole-

cules, protons, and electrons. This creates a high internal

voltagewithin the cathode, especially near the air outletwhere

the concentration of water is higher, leading to carbon oxida-

tion, and eventually resulting in thinning of the cathode elec-

trocatalyst layer. This is a similar phenomenon to the well-

known carbon corrosion up to 1.5 V during conventional

start-up of FCEVs [39,40].

To confirm this proposed degradation mechanism, the

current distribution across the surface of the MEA was eval-

uated during the setting stage of the preconditioning step, and

during the cold start step (Table 1), using the current distri-

bution analysis system (Fig. 6). In this experiment, the mea-

surement conditions were slightly modified from the cold

start cycling test conditions, summarized in Table 2. As shown

in Fig. 12 (a), these measurements confirm that the current

density is higher near the air outlet during the setting stage,

due to the higher concentration of water in this region. The

inlet region is relatively dry compared with the outlet region,

because dry air was supplied to remove excess water during

the excess water removal procedure. In case of the cold start,

the excess water in the fuel cell stack would result in me-

chanical damages shown in Fig. 2.

From the proposed degradation mechanism, it is expected

that ice formed near the outlet hinders proper power genera-

tion in this region. In fact, at the beginning of the cold start step

(i.e. at 0 s), as shown in Fig. 12 (b), the current density at the

outlet region was lower than that in the other regions, attrib-

uted to disrupted hydrogen supply due to ice formation. After

70 s, as shown in Fig. 12 (c), the current distribution is almost

equal across all the regions of the MEA, attributed to the fact

that ice is no longer present in the cell at this point. Therefore,

sufficientattentionshouldbegiven to theexcesswater removal

procedure in FCEVs when considering cold start operation.

Overvoltage separation

Separation of the different overvoltages before and after the

cold start cycling tests (Fig. 7 (b)) revealed no remarkable in-

crease in either the ohmic losses or the concentration over-

voltage. This indicates that the activation overvoltage is likely

the major factor contributing to the performance drop of the

MEA during cold start. To confirm this, the increase in acti-

vation overvoltage during the cold start cycling test was

determined from the Tafel plot to be 19 mV, as shown in

Fig. 13 (a). This value is close to the total voltage drop obtained

from the IV curves before and after the cold start cycling tests,

i.e., 20 mV at 0.2 A cm�2 and 23 mV at 2.2 A cm�2, shown in

Fig. 7 (b). This confirms that the increase in activation over-

voltage is largely responsible for the decrease in performance

during cold start cycling.

Electrochemical surface area (ECSA)

CVmeasurements were conducted to investigate any changes

in the ECSA during the cold start cycling test. The results are
shown in Fig. 13 (b). Before the cycling test, the ECSA was

52.2 m2 g-Pt
�1, and this dropped to 45.2 m2 g-Pt

�1 after the test,

corresponding to an ECSA retention of 86%. As mentioned

previously, the repeated cold-start processes cause damage to

the cathode catalyst layers. This damage is especially associ-

ated with carbon support corrosion, leading to a decrease in

ECSA (as described in Fig. 11) in addition to the typical

degradation mechanisms in normal and cold operation as

described in the introduction section. According to our in-

house database, there is an approximately linear correlation

between retention of ECSA and retention of cell voltage after

durability tests [41], within the measurement range of CV, as

shown in Fig. 14. According to this empirical linear relation-

ship, the ECSA retention of 86%measured here corresponds to

a cell voltage retention of 98.3%. As such, the estimated cell

voltage after the cold start cycling test is 813 mV, relative to a

cell voltage of 827 mV at 0.2 A cm�2 before the cycling test.

This empirical prediction is very close to the experimentally

determined value of 807 mV at 0.2 A cm�2 in Fig. 7 (b). These

results confirm sufficient durability of the cell stacks against

cold start cycling.
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Fig. 14 e Relationship between the retention of ECSA and

retention of cell voltage at 0.2 Acm¡2.
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Conclusions

Cold start cycling tests were carried out on fuel cell stacks to

simulate the harsh conditions experienced by FCEVs in cold

regions, and the effect of these tests on the catalyst layer and

the PEM were evaluated. The cold start cycling test was

developed taking into account real-world climatic conditions.

The resulting degradation can be assumed to be similar to that

experienced by commercial FCEVs.

The performance drop after the cold start cycling test was

just 3.5%, meeting our in-house durability target of <5%.

Thinning of the cathode electrocatalyst layer was observed,

especially near the air outlet. This was attributed to disruption

of the hydrogen supply due to ice formation in the anode,

resulting in the generation of high internal voltage, and sub-

sequent carbon support corrosion at the cathode. This was

confirmed by an observed drop in ECSA, an increase in acti-

vation overvoltage, and by current distributionmeasurements

before and after cold start cycling tests. In contrast, gas

crossover did not increase during the test, indicating that

obvious degradation of the PEM did not occur.

In addition to themechanistic insights obtained from start-

stop cycling tests, load cycling tests, and other reliability tests

for fuel cell stacks [5e13,41], the findings of this study have

been applied successfully to the development of new fuel cell

systems for FCEVs, in particular, the 2nd generation Toyota

MIRAI, after carefully comparing 20-cell stacks and 330-cell

stacks including the optimization of water management.

The results obtained have been applied in the design and

development of new FCEV components and systems.
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