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Abstract: To efficiently mitigate the reversible performance degradation of polymer electrolyte
membrane fuel cells, it is crucial to thoroughly understand recovery effects. In this work, the effect
of operando performance recovery by temperature reduction is evaluated. The results reveal that
operando reduction in cell temperature from 80 ◦C to 45 ◦C yields a performance recovery of 60–70%
in the current density range below 1 A cm−2 in a shorter time (1.5 h versus 10.5 h), as opposed to a
known and more complex non-operando recovery procedure. Notably, the absolute recovered voltage
is directly proportional to the total amount of liquid water produced during the temperature reduction.
Thus, the recovery effect is likely attributed to a reorganization/rearrangement of the ionomer due to
water condensation. Reduction in the charge transfer and mass transfer resistance is observed after
the temperature reduction by electrochemical impedance spectroscopy (EIS) measurement. During
non-operando temperature reduction (i.e., open circuit voltage (OCV) hold during recovery instead
of load cycling) an even higher recovery efficiency of >80% was achieved.

Keywords: durability; irreversible degradation; operando recovery; polymer electrolyte membrane
fuel cells; reversible degradation

1. Introduction

To achieve carbon neutrality, the development and commercialization of electric ve-
hicles with polymer electrolyte membrane fuel cells (PEMFCs) are gathering increased
attention, especially for heavy-duty applications [1,2]. Despite significant technological
progress within the last decades, high costs and limited longevity are still regarded as
barriers to the widespread application of PEMFCs [3]. For heavy-duty vehicles, the Euro-
pean Commission has established targets for fuel cell stack durability, aiming for 30,000 h
and a stack cost below €50/kW by 2030 [4]. For comparison, the current state-of-the-art
of 2020 is defined by a durability of 15,000 h with a cost exceeding €100/kW, according
to the Strategic Research and Innovation Agenda 2021–2027 of the Clean Hydrogen Joint
Undertaking (Clean Hydrogen JU). Similarly, the Department of Energy (DOE) has set
interim and ultimate targets for Class 8 Long-Haul Tractor-Trailers, with the fuel cell system
expected to have a lifetime of 25,000 h by 2030 and 30,000 h by 2050, along with fuel cell
system costs of $80/kW and $60/kW, respectively [5].

Throughout the lifespan of PEMFCs, diverse operational conditions can arise, pre-
senting challenges to both performance and durability. These scenarios include frequent
shut-down/start-up, freeze–thaw, idle running, dynamic loading, full power running,
and overload running conditions. Each of these conditions imposes unique demands
and stresses on the PEMFC system, potentially impacting its overall performance and
longevity [6,7]. To achieve the targeted durability, it is essential to mitigate fuel cell per-
formance degradation. Over the lifespan of PEMFCs, various types of performance losses
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occur—both reversible and irreversible—depending on the selected operation conditions
and materials. A number of publications have proposed mitigation strategies for reversible
performance losses, including (i) the elimination of absorbed contaminants of the cata-
lyst [8], (ii) the reduction of catalyst oxides in the cathode [9,10], (iii) the prevention of
flooding in the catalyst layer [11], (iv) the rehydration of the membrane [12], and more. An
overview of the mechanisms causing reversible performance losses has been published
recently [13]. However, accurately quantifying recovery effects is challenging due to several
factors: (i) electrochemical characterizations, such as cyclic voltammetry (CV) analyses, can
themselves influence the recovery [14], (ii) reversible and irreversible effects are interdepen-
dent [13], (iii) the effect of recovery depends on the given operation conditions (e.g., dry
versus wet) [15] and the properties of membrane electrode assemblies (MEAs), and (iv) the
change in ionomer structure, argued to play a relevant role in the recovery effect, is not
fully understood and is challenging to access through operando or in situ characterization
methods [16,17].

Empirical studies indicate that shut-down processes, encompassing long stops with
a temperature decrease, have a positive impact on performance recovery [18,19]. In this
context, water condensation due to temperature reduction is proposed to play a prominent
role [20–22]. In the literature [11,23], the recovery of performance losses due to shut-down
was observed and ascribed to the removal of water in the catalyst layer and water redistribu-
tion in the cell. Steinbach et al. [24] and Prass et al. [25] reported that a shut-down/start-up
process, including cooling down the cell to room temperature, leads to the removal of
sulfide ions in the anode (effective catalyst poisons) and subsequent performance recovery.
Pivac et al. [26] compared the recovery effect of different shut-down procedures involving
varying cooling rates. The results showed that an accelerated cell cooling was counterpro-
ductive in terms of performance recovery. Kabir et al. [27] proposed a recovery procedure
where the cell was cooled down from 80 ◦C to 40 ◦C at 0.1 V with air oversaturated with
water, leading to the removal of contaminants and catalyst oxides. Additionally, consider-
ing changes in oxygen transport resistance during the recovery procedure and drawing
on previous relevant research, the authors highlighted the rearrangement of the catalyst
atomic structure as an important contribution to the performance recovery. Zhang et al. [28]
investigated irreversible chemical degradation of the membrane under open circuit voltage
(OCV) conditions. The performance recovery by cooling down from 80 ◦C to 50 ◦C and
purging with H2/N2 for 2 h was mainly attributed to the removal of sulfate anions (gener-
ated due to membrane degradation) from both anode and cathode through the analysis
of fuel cell effluent water. Similarly, Robb et al. [29] and Shokhen et al. [30] presented
a recovery procedure based on an increase in relative humidity (RH) to or above 100%,
followed by the application of low cell voltage. This recovery procedure was supposed to
release contaminants on the catalyst surface and purge them out of the cell.

A common feature among the aforementioned recovery procedures is that they are
non-operando, therefore requiring the interruption of fuel cell operation. This characteristic
can be particularly detrimental in cases where long-term continuous operation is essential,
such as in the context of ships.

To the best of our knowledge, operando recovery procedures have not been published
so far. This work aims to address this gap by investigating and quantifying the mechanism
of performance recovery due to operando temperature reduction. Specific tests have been
performed at the single-cell level for this purpose. Operando recovery procedures are
simpler to implement in real fuel cell (FC) systems compared to complex non-operando
procedures. Concerning the recovery, ionomer hydration plays a key role which is likely
linked to ionomer rearrangement [16,17]. Additionally, recovery efficiency is assessed and
compared to common non-operando recovery procedures. This work outlines conclusions
on alternative operation conditions, materials, and scaling-up, while also providing an
explanation of the limitations of the presented experiments. Hence, the outcomes contribute
to the new body of knowledge by addressing the gap in operando recovery of reversible
losses in PEMFCs, with the potential for implementation in future fuel cell systems.
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2. Experimental
2.1. Test Hardware

The materials, including the test bench and control software for the durability tests,
were developed at the German Aerospace Center (Deutsches Zentrum für Luft- und Raum-
fahrt e.V., DLR, Stuttgart, Germany), as described in previous publications [31,32]. A variety
of operating parameters can be adjusted manually or by scripts, such as cell temperature,
gas flow, relative humidity (using bubblers), and outlet pressure.

A single cell with a 5× 5 cm2 active area was utilized, featuring one-channel serpentine
flow fields arranged in a co-flow configuration. The gas channels were oriented parallel to
the direction of gravity, with gas inlets at the top and outlets at the bottom of the cell. This
configuration is reported in the literature to promote stable performance [33].

The 5-layer MEA utilized in this experiment was manufactured by IRD Fuel Cells
A/S according to DLR’s specifications for the purpose of this investigation. It comprises a
27.5 µm thick NafionTM XL membrane sandwiched between the anode and cathode catalyst
layers, each having a Pt/C ratio of 50 wt % and Pt loadings of 0.05 and 0.25 mg cm−2,
respectively. The active area was 5 × 5 cm2. As gas diffusion layers (GDLs), Sigracet® 29BC
sheets from SGL Carbon SE were employed. Ice Cube Sealings with a thickness of 350 µm
from Freudenberg FST GmbH served as a gasket material.

2.2. Operation Conditions and Test Protocols

Prior to each experiment, a leak test was conducted on both the single cell and the test
bench. Subsequently, the MEA underwent conditioning to achieve stable performance. A
detailed description is provided in a recent work [34].

The load cycling protocol employed for the durability tests was the Fuel Cell Dy-
namic Load Cycle (FC-DLC), see illustrated in Figure 1a [35]. The maximum current
density of the FC-DLC was defined as the current density yielding 0.65 V, corresponding to
1 A cm−2. Throughout FC-DLC operation, constant gas flows of H2 (0.263 L min−1) and air
(0.83 L min−1) were maintained, corresponding to H2 and oxygen stoichiometry of 1.5 and
2.0 for the current density of 1 A cm−2. The cell operating temperature was set to 80 ◦C,
with relative humidities at the anode and cathode inlets set to 100%. The absolute gas
pressures at the anode and cathode outlets were controlled at 250 and 230 kPa, respectively.

Table 1. Performance recovery procedures included in durability tests.

# Operando Non-Operando

Recovery 1 80 ◦C to 45 ◦C (95 min) 80 ◦C to 30 ◦C (95 min)
Recovery 2 80 ◦C to 60 ◦C (35 min) 80 ◦C to 45 ◦C (95 min)
Recovery 3 Repetition of Recovery 1 80 ◦C to 60 ◦C (95 min)
Recovery 4 Repetition of Recovery 2 Repetition of Recovery 1
Recovery 5 80 ◦C to 60 ◦C (95 min) Repetition of Recovery 3
Recovery 6 80 ◦C to 45 ◦C (35 min) -

Two types of durability tests were conducted to investigate the performance recovery
effect of (i) operando temperature reduction and (ii) non-operando temperature reduction.
The second test allows the implementation of additional electrochemical analyses, such as
polarization curves and electrochemical impedance spectroscopy (EIS), which requires the
interruption of continuous fuel cell operation. The approaches are shown in Figure 1b,c
and described in the following:

• The first durability test comprises 6 test blocks, as indicated in Figure 1b. At the
beginning of each test block, a performance characterization was conducted, followed
by a 76 h period of load cycling. Subsequently, an operando recovery procedure
was implemented; specifically, the cell temperature was reduced to a specific set
point and then increased to the nominal operating temperature. After reaching the
nominal operating temperature, FC-DLC operation was continued for an additional 3 h



Energies 2024, 17, 774 4 of 19

before applying the JRC recovery procedure [35] as a benchmark (see Supplementary
Materials for more details). The JRC protocol, proposed by the Joint Research Center
(JRC) of the European Commission [35], was chosen for this work based on our
previous study [34], assuming 100% recovery. After each test block, it is imperative to
implement the JRC protocol to prevent the accumulation of non-recovered reversible
losses throughout the experiment [34]. This is crucial to avoid misinterpretation and
misevaluation of the effectiveness of the operando recovery procedure.

• The second durability test (Figure 1c) consists of 5 test blocks. After each 76 h load cy-
cling period, the cycling was paused, and performance characterization measurements
were conducted before and after each non-operando temperature reduction procedure.
Specifically, the cell temperature was reduced once the electrical load was switched
off (leading to OCV), while the other operating parameters (gas flow and pressure)
were kept constant. To compare the efficiency of the recovery due to temperature
reduction with the efficiency of the JRC recovery protocol, at the end of each test block
the JRC recovery protocol was performed, followed by an additional performance
characterization.

Energies 2024, 17, x FOR PEER REVIEW 4 of 19 
 

 

non-recovered reversible losses throughout the experiment [34]. This is crucial to 
avoid misinterpretation and misevaluation of the effectiveness of the operando 
recovery procedure.  

 
Figure 1. (a) Fuel cell dynamic load cycle (FC-DLC) used in this study. Flow charts of the two dura-
bility tests carried out to study recovery procedures with (b) operando and (c) non-operando tem-
perature reduction. The sequence of the applied recovery procedures is provided in Table 1. 

• The second durability test (Figure 1c) consists of 5 test blocks. After each 76 h load 
cycling period, the cycling was paused, and performance characterization measure-
ments were conducted before and after each non-operando temperature reduction 
procedure. Specifically, the cell temperature was reduced once the electrical load was 
switched off (leading to OCV), while the other operating parameters (gas flow and 
pressure) were kept constant. To compare the efficiency of the recovery due to tem-
perature reduction with the efficiency of the JRC recovery protocol, at the end of each 
test block the JRC recovery protocol was performed, followed by an additional per-
formance characterization. 

  

Figure 1. (a) Fuel cell dynamic load cycle (FC-DLC) used in this study. Flow charts of the two
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2.3. Characterization Methods

Polarization curves were recorded following the EU Harmonized Test Protocols for
MEA Testing [34]. The data were acquired every second and then averaged over the last 30 s
of the dwell time at each setpoint of the tested current density. The error bars corresponded
to the standard deviation from the average. The H2 and oxygen (in air feed) stoichiometry
were set at 1.5 and 2.0, respectively, while cell temperature, humidity, and gas pressures
remained consistent with FC-DLC operation, as described above. The minimum H2 and air
flows were maintained at 0.105 and 0.332 L min−1, respectively.

Electrochemical impedance spectroscopy (EIS) testing under a constant current density
of 0.8 A cm−2 was conducted using the modular electrochemical workstation Zennium X
and electronic load PP241 from ZAHNER-Elektrik GmbH & CoKG (Kronach, Germany).
The analysis covered a frequency range from 100 mHz to 10 kHz, with a perturbation
amplitude of ±5% of the applied current. The EIS data were analyzed with the Thales
XT software package (Version 5.3.3). The operation parameters were consistent with the
polarization curve measurements.

2.4. Recovery Procedures

The recovery procedures evaluated in the two durability tests are summarized in
Table 1 and are labeled as “operando” and “non-operando”.

In the case of operando recovery, the cell temperature was reduced from the nominal
operating temperature of 80 ◦C to either 45 ◦C or 60 ◦C to observe measurable recovery of
performance loss. Although an attempt was made to reduce the temperature to 30 ◦C, it
proved unattainable due to the heat generated during fuel cell operation. After reaching the
targeted temperature, the cell was reheated to 80 ◦C again. The respective durations until
reaching the targeted temperature were 95 and 35 min, indicating the time it takes for the
fuel cell to naturally reach the target temperature after the heating system is switched off.
Subsequently, these two recovery procedures were repeated (labeled as recovery procedures
3 and 4) to test reproducibility. Given that the cell temperature reduction from 80 ◦C to
45 ◦C took 60 min longer than to 60 ◦C, the effect of cooling time was investigated separately
(procedures 5 and 6). In the case of procedure 6, the cooling process was accelerated by
using a cooling fan, reducing the time required to reach 45 ◦C from 95 min to 35 min.
In the case of recovery procedure 5, the cell temperature reduction from 80 ◦C to 60 ◦C
was prolonged to 95 min by maintaining the cell at 60 ◦C for an additional 60 min. The
variable selection of recovery procedures 5 and 6 allows for a comparison and analysis
of the impact of the cooling time on the recovery effect. The temperature profiles of the
different procedures are provided in Figure S1 in the Supplementary Materials.

In the case of non-operando temperature reduction, the fuel cell temperature reduced
faster than during operando temperature reduction, as no heat is generated during load
shutdown. The cell temperature could also be reduced to 30 ◦C. For a direct comparison
with operando temperature reduction results, Recovery procedures 1, 2, and 3 correspond
to cell temperature reductions from 80 ◦C to 30 ◦C, 45 ◦C and 60 ◦C, respectively. In all cases,
the setpoint temperatures were maintained for 95 min under OCV after achieving the target
temperature. Recovery procedures 4 and 5 are repetitions of recovery procedures 1 and 3.
OCV was applied since other cell voltages may influence several recovery parameters, and
OCV represents the natural state without load.

3. Results

In Sections 3.1 and 3.2, the performance recovery effects of operando and non-
operando temperature reduction are evaluated. The results of the operando temperature
reduction are displayed first. Subsequently, the results of non-operando temperature
reduction procedures are discussed, including additional performance characterization
measurements carried out before and after each recovery. Eventually, the recovery mecha-
nisms are quantified and discussed.
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3.1. Operando Performance Recovery Procedures Based on Temperature Reduction

Cell voltages corresponding to individual current density levels of the FC-DLC cycles
performed during the durability test are presented in Figure 2. The vertical red dashed
lines indicate the implementation of operando temperature reduction. It is noteworthy that
the cell voltage decreased during the temperature reduction and subsequently increased
(to a higher value) after returning to nominal operation conditions (refer to Figure S1 in the
Supplementary Materials). To prevent the cell voltage from dropping below 500 mV, the
lower temperature limit was set to 45 ◦C.
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Figure 2. Cell voltage recorded during the durability test (FC-DLC protocol) for the investigation
of recovery procedures based on operando temperature reduction. Vertical dashed lines label the
starting point of the applied recovery procedures.

In the durability test illustrated in Figure 2, a decrease in cell voltage at each current
density is anticipated during the FC-DLC. However, two unexpected voltage fluctuations
are observed in the first two test blocks. We attribute these fluctuations to temporary water
flooding in the fuel cell channels for the following reasons: (i) the fluctuation is more
pronounced at higher current density ranges, where water is more likely to accumulate
and block the fuel cell channels, and (ii) the voltage initially decreases and then increases
during the FC-DLC, suggesting a temporary water flooding followed by water removal
due to increased local gas pressure. Other possible causes of these two fluctuations could
be uncertainties in the hardware, such as temporary fluctuations in the gas supply or the
electronic load. Importantly, these fluctuations do not recur in subsequent test blocks or
in the other durability test depicted in the next section. Despite these fluctuations, the
cell voltage decreases after the FC-DLC operation and subsequently increases due to the
recovery protocols, which constitute the primary focus of this study.

Figure 3a presents a scheme outlining various definitions used to quantify recovery
effects. The solid lines display the cell voltage change during the FC-DLC operation, while
the dashed line represents the cell voltage change during the recovery protocols. The
voltage values UBegin

i=n and UEnd
i=n indicate the cell voltages at the beginning and end of the

nth FC-DLC sequence, respectively. U′End
i=n corresponds to the voltage after the nth operando

recovery procedure. After a subsequent 3 h of FC-DLC and before the next test block, a
JRC recovery protocol and performance characterizations are conducted.
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The voltage recovered due to operando temperature reduction is defined according to
Equation (1),

∆Urec
i=n = U′End

i=n −UEnd
i=n (1)

while the total reversible, recoverable voltage loss is obtained using Equation (2) (i.e., it
is assumed that the JRC recovery protocol leads to a full recovery of reversible perfor-
mance losses),

∆Urev
i=n = UBegin

i=n+1 −UEnd
i=n . (2)

The recovered voltages ∆Urec versus the current density are presented in Figure 3b.
It is notable that the recovered reversible voltage losses during the operando procedures
are in the range of several mV to 30 mV in each period. The irreversible degradation
rates, in contrast, are in the range of 50 µV h−1 (see Figure S2 with explanations in the
Supplementary Materials). Hence, the reversible performance degradation dominates the
overall performance losses.

Apparently, the voltage recovered due to Recovery 1 and Recovery 3 (both 80 ◦C to
45 ◦C taking 95 min) as well as Recovery 2 and Recovery 4 (both 80 ◦C to 60 ◦C taking
35 min), are similar in the current density range from 0 to 1 A cm−2, indicating reasonable
reproducibility. Additionally, in the current density range from 0 to 1 A cm−2, Recovery
1 and 3 (80 ◦C to 45 ◦C) lead to a higher recovery compared to Recovery 2 and 4 (80 ◦C
to 60 ◦C). Moreover, Recovery 5 (80 ◦C to 60 ◦C taking 95 min) results in a slightly higher
recovery compared to Recovery 2 and 4 (80 ◦C to 60 ◦C taking 35 min). Hence, a positive
effect of extending the duration of the recovery procedure is concluded, which is consistent
with the observation by Pivac et al. [26], who reported a negative effect of rapid cooling on
recovery. Figure 3c shows the voltage recovery due to the operando temperature reduction
relative to the recovery due to the JRC recovery protocol. The relative recovery efficiencies
of the tested procedures are largely constant in the analyzed current density range. When
comparing the effect of cooling down to 45 ◦C and 60 ◦C, it is evident that a higher recovery
effect can be achieved at a lower cell temperature. Specifically, temperature reduction from
80 ◦C to 60 ◦C results in less than 30% recovery compared with the JRC protocol, while
temperature reduction from 80 ◦C to 45 ◦C results in 60–70%. Although the recovery is
always lower than for the JRC protocol, the clear advantage is the significantly shorter
duration (<2 h vs. 10 h).

However, a longer holding time at the same (low) cell temperature also impacts the
recovery and leads to higher recovery efficiencies. Hence, neither the targeted temperature
alone nor the holding time is sufficient to describe the efficiency of operando recovery. In-
terestingly, the recovered voltage is strongly linked with water formation and condensation.
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This effect can be described by the amount of liquid water produced in the cell during
recovery, mH2O(liquid), which corresponds to the integration of the liquid water flow at the
cathode outlet,

.
mH2O(liquid),outlet, according to:

mH2O(liquid) =
∫

recovery

.
mH2O(liquid),outlet dt (3)

As an example, the calculated mass flow values for Recovery 1 (80 ◦C to 45 ◦C) along
with the evolution of cell temperature are shown in Figure 4a. The fluctuations in the
signals originate from the load cycling performed during the test, as shown in the FC-DLC
protocol in Figure 1a. The liquid water mass flow at the cathode outlet (green data points)
is provided by:

.
mH2O(liquid),outlet =

.
mH2O(vapor),inlet +

.
mH2O,prod −

.
mH2O(vapor),outlet (4)

with:

1.
.

mH2O(vapor),inlet +
.

mH2O,prod, the total water mass flow into the cell (red data points).
It consists of the vaporous water mass flow in the inlet air (

.
mH2O(vapor),inlet at 100%

RH at 80 ◦C and a constant flow of 0.83 L min−1), plus product water (
.

mH2O,prod) from
the electrochemical reaction. It is calculated according to:

.
mH2O(vapor),inlet +

.
mH2O,prod =

.
mAir·MH2O

V0,mol
·
(

Pair,inlet

Pvapor, inlet
− 1

)
+

I·MH2O

2·F , (5)

with
.

mAir being the air flow rate of 0.83 L min−1, Pair,inlet and Pvapor, inlet indicating
the air pressure and vapor pressure in the cathode inlet, respectively. The constants
include V0,mol , the molar volume of an ideal gas of 22.414 L mol−1, the Faraday
constant, F = 96,485 C·mol−1, and MH2O, the molar mass of water of 18.015 g mol−1.
The current is denoted by I;

2.
.

mH2O(vapor),outlet, the maximum output of vaporous water mass flow (blue data points)
at the cathode outlet (depending on gas outlet pressure and cell temperature), is
calculated using:

.
mH2O(vapor),outlet =

.
mAir·MH2O

V0,mol
·
(

Pair,outlet

Pvapor, outlet
− 1

)
(6)

with Pair,outlet and Pvapor, outlet being the air pressure and vapor pressure in the cathode
outlet, respectively.

The values of the total amount of liquid water due to the six recovery procedures
are provided in Figure 4b. It is noted that the drag of liquid water due to gas flow is
not considered, and the integrated data of liquid water do not correspond to the water
being present inside the cell, but the amount of liquid water produced during recovery.
Apparently, mH2O(liquid) increases with the duration of the cooling-down period and lower
cooling-down temperature.

For the temperature reduction from 80 ◦C to 45 ◦C with a duration of 95 min (Recovery
1 and 3) as well as for the temperature reduction from 80 ◦C to 60 ◦C with a duration
of 35 min (Recovery 2 and Recovery 4), the values mH2O(liquid) are similar. Specifically,
Recovery 1 and 3 exhibit mH2O(liquid) around 12.9 g, followed by Recovery 5 (80 ◦C to 60 ◦C
taking 95 min) and Recovery 6 (80 ◦C to 45 ◦C taking 35 min), with mH2O(liquid) equaling
6.8 g and 4.3 g, respectively. On the other hand, cell cooling down from 80 ◦C to 60 ◦C
(Recovery 2 and 4) leads to mH2O(liquid) of only 3.4 g.
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considering the pressure drop of the cell (blue data), and the flow of liquid water,
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in the outlet (green data); (b) Total amounts of liquid water, mH2O(liquid) (integrated signals of
.

mH2O(liquid),outlet), during different operando temperature reduction procedures. (c,d) show the
absolute recovered voltage versus the total amount of liquid water formed during the operando
recovery (Re. #) at 0.05 A cm−2 and 1 A cm−2, respectively. Recovered voltage corresponds to data
from Figure 3b.

When comparing the absolute recovered voltage, ∆Urec
i=n and mH2O(liquid), a strong

linear correlation is evident, as shown in Figure 4c,d for current densities of 0.05 and
1 A cm−2 (data from Figure 3b). The slope of the fit curves in Figure 4d is higher than
that in Figure 4c, indicating that, with the same amount of liquid water, a higher absolute
recovered voltage is achieved at a higher current density (1 A cm−2). In the Supplementary
Materials (Figure S3), linear correlations between ∆Urec

i=n and mH2O(liquid) at each evaluated
current density from 0 to 1 A cm−2 are shown; in Figure S4 the slopes and intercepts of
the linear fits are provided. It is noticeable that the slope of the fit curves increases from
0.7 to 2.5 mV g−1 with increasing current density from 0.05 to 1 A cm−2. In a previous
work [34], rehydration of the membrane and ionomer during temperature reduction was
proposed as a major contributing factor to the recovery of performance losses. The trend in
Figure 4c,d is particularly interesting, as a direct correlation between recovered voltage and
the amount of liquid water has not been reported so far. However, a detailed explanation
of specific mechanisms requires additional data.
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3.2. Recovery Effect of the Non-Operando Performance Recovery Procedures with
Temperature Reduction

Figure 5 shows the voltage recorded during the durability test, consisting of five test
blocks using the FC-DLC protocol with non-operando recovery procedures of temper-
ature reduction. The vertical dashed lines indicate the performed recovery procedures,
before and after which the fuel cell was characterized with polarization curves and EIS
measurements. Before each test block, a JRC recovery protocol and fuel cell performance
characterization measurements were conducted, assuming all the reversible performance
losses were recovered. The irreversible performance degradation rates (see Figure S5 in the
Supplementary Materials) are in the range of 75–125 µV h−1, which is significantly higher
compared to the test including operando recovery procedures. The reason is that OCV
periods occur during the non-operando recovery procedures. The irreversible effects are not
discussed in this paper, but it can be stated that they cannot be justified by electrochemical
active surface area (ECSA) loss alone. A similar strong ECSA loss was observed after both
tests, with operando recovery (decrease from 478 to 227 cm2 mg−1) and with non-operando
recovery (decrease from 417 to 200 cm2 mg−1).
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In the scheme in Figure 6a, the voltage change between two test blocks is shown. Using
Equations (1) and (2), the recovery procedures in this section are evaluated based on the data
acquired from polarization curves (see Figure S6 in the Supplementary Materials). Figure 6b
shows the absolute recovered voltage losses of the five non-operando temperature reduction
procedures in the current density range from 0.0 to 1.5 A cm−2 (the current density range is
broader than in Section 3.1, because here the polarization curves were measured while in
3.1 only FC-DLC data were available). Notably, temperature reductions from 80 ◦C to 45 ◦C
and 80 ◦C to 60 ◦C were utilized for both operando and non-operando recovery procedures.
The absolute recovered voltages due to the temperature reduction from 80 ◦C to 45 ◦C
and 80 ◦C to 60 ◦C using operando (Figure 3b) and non-operando (Figure 6b) recovery
procedures show similar trends in the current density range up to 1 A cm−2; in both cases,
the recovered voltage increases significantly with increasing current density. The recovered
voltages due to the temperature reduction from 80 ◦C to 30 ◦C and 45 ◦C are higher than
those from 80 ◦C to 60 ◦C and overlap with each other, especially at current densities lower
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than 0.9 A cm−2. Interestingly, the recovered voltages due to the temperature reduction
from 80 ◦C to 45 or 30 ◦C increase over the current density range up to 0.9 A cm−2 and
then decrease. The relative recovery of non-operando temperature reduction relative to the
JRC recovery protocol is shown in Figure 6c. It is clear that a non-operando temperature
reduction from 80 ◦C to 30 ◦C and 45 ◦C results in higher than 80% recovery compared
to the JRC recovery protocol in a broad current density range of 0.1–1.2 A cm−2. This
means that (i) it is sufficient to cool down to 45 ◦C and further cooling does not lead to a
significantly higher recovery, and (ii) the relative recovery of the non-operando temperature
reduction is higher than that of operando temperature reduction (60–70%).
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Figure 6. Evaluation of the relative recovery of the five recovery procedures. (a) The general scheme
of cell voltage changes during a fuel cell durability test with a recovery procedure of non-operando
temperature reduction. (b) The recovered voltage calculated according to Equation (1). (c) The relative
recovery which relates to the reversible performance losses, according to Equations (1) and (2).

In Figure 7a, the values of the total amount of liquid water, mH2O(liquid), due to the five
non-operando recovery procedures are provided (evaluated analogously as in Section 3.1).
Recovery 1 and 4 (both 80 ◦C to 30 ◦C), as well as Recovery 3 and 5 (both 80 ◦C to 60 ◦C),
have similar values. Cell cooling down from 80 ◦C to 30 ◦C, as in Recovery 1 and 4,
results in slightly higher mH2O(liquid), around 13.2 g, than Recovery 2 (80 ◦C to 45 ◦C) with
12.34 g, whereas cell cooling down to 60 ◦C leads to mH2O(liquid) of 8.51 g and 8.81 g in
Recovery 3 and 5. A similar amount of liquid water formed during the non-operando
temperature reduction from 80 ◦C to 30 ◦C and 45 ◦C resulted in the aforementioned similar
recovery effect in Figure 6. The linear correlation between the absolute recovered voltage
(data from Figure 6b) and the formed liquid water, ∆Urec

i=n and mH2O(liquid), during each
non-operando recovery procedure is shown in Figure 7b–d at the current densities of 0.05,
1.0, and 1.5 A cm−2, respectively. In the Supplementary Materials, Figure S7 shows the
absolute recovered voltage versus the total amount of liquid water formed during non-
operando recovery at all the evaluated current densities from 0 to 1.5 A cm−2. Figure S8
shows the slope and intercept of the linear correlation between the ∆Urec

i=n and mH2O(liquid)

over the current density from 0 to 1.5 A cm−2. Unlike in Figure S4, the slope of the fit
curves is much higher and changes between 4 and 6 mV·g−1 upon the current density
from 0.05 to 1 A cm−2, indicating that during non-operando recovery procedures more
performance loss is recovered per amount of liquid water formed. This may be because
the electrochemical measurements before and after each recovery procedure also recover
part of the performance loss. Similar to Figure 4, the linear correlation is strong at the
current density from 0.05 to 1 A cm−2. At current densities above 1 A cm−2, the R-Square
of the fitting reduces, indicating a weaker linear correlation. It can be concluded that the
linear correlation between the amount of liquid water and recovered voltage is evidently
in the low to middle current density range, such as 0.05 to 1 A cm−2. On the other hand,
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at a higher current density range, where mass transport effects play a dominant role, the
recovered voltage is less directly influenced by the amount of liquid water.
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(d) 1.5 A cm−2. The recovered voltage corresponds to the data from Figure 6b.

To elucidate the recovery mechanisms, the original data of EIS measurements at
0.8 A cm−2 conducted at the beginning of each test block, before and after each recovery
procedure, are presented in Figure 8a. Directly assessing the influence of the recovery
procedure from the recorded spectra of EIS measurements is challenging due to the small
changes. This aligns with the subtle alterations observed in the polarization curves in
Figure S6. Analyzing the EIS measurement data with other methods, such as model fitting,
becomes necessary. The equivalent circuit in Figure 8b is selected and utilized, due to the
acceptable fitting error (lower than 3%) and comparability with previous works [32,36].
The model consists of four components in series: (i) a resistor ROhmic describing the ohmic
resistance of the MEA, including the contact resistances of the fuel cell components, (ii) the
charge transfer circuit consisting of RCharge trans f er in parallel with CPE1 (constant phase
element) describing the charge transfer resistance of the cathode catalyst layer, (iii) the
mass transfer resistance circuit consisting of RMasss trans f er in parallel with a constant phase
element CPE2, and (iv) an inductance element L regarding possible interferences due to
wires or other sources of disturbance. According to the fitting results, the black columns
in Figure 8c present the reduced resistance due to each recovery procedure in each test
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block at 0.8 A cm−2. The red columns with a shadow represent the reduced resistance by
the JRC recovery protocol, which is performed at the end of each test block. In general,
both the non-operando temperature reduction recovery procedures and the JRC recovery
protocols predominantly reduced the charge transfer and mass transfer resistance, while
the effect on the ohmic resistance is less prominent. Recovery 1 and 4 (80 ◦C to 30 ◦C) led to
the highest reduction in RCharge trans f er and RMasss trans f er, while Recovery 3 and 5 (80 ◦C to
60 ◦C) caused the lowest reduction, which is consistent with the observations from Figure 6.
The reduction in the RCharge trans f er due to Recovery 1 and 4 (80 ◦C to 30 ◦C) is about 55–66%
of the one caused by the JRC recovery protocol, taking the error bar into consideration.
The reduction in RMasss trans f er corresponds to 49–56% of the value caused by the JRC
protocol. Thus, it is concluded that the reduction in RCharge trans f er mainly contributes to the
recovery effect by the non-operando temperature reduction from 80 ◦C to 30 ◦C and 45 ◦C at
0.8 A cm−2. In Figure 6c, the non-operando temperature reductions from 80 ◦C to 30 ◦C and
45 ◦ recover over 80% of the performance relative to the JRC protocol, which is supposed
to be a combined result of the reduction in RCharge trans f er and RMasss trans f er. There is a
discrepancy in the relative recovery evaluated with the EIS data and the polarization curves,
potentially arising from a deviation in the EIS measurements [37]. It has been reported that
oxygen concentration oscillations along the cathode flow field exert a significant impact
on the local and overall impedance response of the fuel cell in the frequency range lower
than 10 Hz. This effect introduces a deviation from the stable fuel cell operation observed
in polarization curves measurement [38].

For both operando and non-operando temperature reduction, the recovery effect in-
creases with a longer cooling-down period and a lower cooling-down temperature from
60 ◦C to 45 or 30 ◦C. EIS results indicate that cell temperature reduction leads to a reduction
in both RCharge trans f er and RMasss trans f er. During the cell temperature reduction, liquid
water condenses in the catalyst layers of the anode and cathode. As demonstrated earlier,
there is a strong correlation between the amount of liquid water and the recovered voltage.
According to Paul et al. [17], exposure to liquid water results in simultaneous reorganiza-
tion/rearrangement of the ionomer film surface and bulk, which strongly influences the
operando behavior of ionomer in the cathode catalyst layer of PEMFCs. Consequently, ad-
justing relative humidity or cooling down the cell can eliminate part of the performance loss
caused by ionomer degradation, as it facilitates ionomer regeneration and redistribution in
the catalyst layer [39,40].

It is widely acknowledged that the ion- and solvent-transport capabilities of PFSA
ionomers are governed by their morphology, which, however, highly depend on the hy-
dration of the hydrophilic ionic groups [41,42]. The ionic and mass transfer resistance
reduces with increased humidity due to a varying ionomer morphology, which is mini-
mized when the PFSA ionomer is immersed into water [43,44]. It has been observed that
the fraction of conductive and hydrophilic area of PFSA ionomer increases due to a regen-
eration/redistribution effect along with increased humidity [45,46]. In particular, there is a
change in water content and morphology depending on the phase of water (vapor or liq-
uid), which further influences the ionic and water conductivity in the ionomer and between
the membrane/electrode interface [47,48]. Therefore, it is observed in this work that the
temperature reduction step (in both the operando/non-operando recovery procedures and
JRC recovery protocol) results in reduced charge transfer resistance in the cathode catalyst
layer and, accordingly, a recovery effect on the performance degradation. However, the
time constant of the process strongly depends on factors such as water uptake, morphology,
temperature, and relative humidity [49,50]. It can take a long time, from days to weeks, to
complete the regeneration/redistribution of the ionomer and reach a quasi-equilibrium
state [51,52]. Thus, as observed in this work, the duration of the temperature reduction,
which refers to the time the ionomer is exposed to liquid water, has a significant impact on
the recovery efficiency.
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perturbation amplitude of ±5%. (b) Equivalent circuit model used for fitting EIS data recorded at
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recovery procedure (corresponding test block) and the following JRC recovery protocol.

Furthermore, both the temperature reduction and JRC recovery protocols result in
increased water uptake due to the enhanced hydrophilicity of the ionomer. The pathway for
water molecules to move is created within the nanostructure of the ionomer, which needs
to accommodate the nanoswelling and growth of water domains [53,54]. Consequently,
the water transfer coefficient increases in the ionomer as the water content increases, until
reaching an equilibrium state [55,56]. In this study, the JRC recovery protocol requires
a longer duration compared to the temperature reduction recovery protocol, bringing
it closer to the equilibrium state and resulting in a more significant reduction in water
transfer resistance.

Figure 6b,c indicate a decrease in both the absolute recovered voltage and the recov-
ery relative to the JRC recovery protocol at a high current density range (>1.0 A cm−2).
This suggests that the JRC recovery protocol achieves a higher reduction in RMasss trans f er
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compared to recovery procedures involving temperature reduction, leading to superior
recovery of performance losses at high current density. The JRC recovery protocol in this
work includes a shut-down step, which follows a similar recovery mechanism to non-
operando temperature reduction recovery procedures but with a longer cooling-down time
and lower temperature (80 ◦C to 25 ◦C for 8 h). Additionally, the JRC recovery protocol
involves two steps with dry N2 purging in the anode and cathode lasting 1 h in total, aimed
at removing excess water and preventing flooding on the catalyst surface. Moreover, the
H2 soak step aids in removing Pt oxides on the cathode‘s catalyst surface. These additional
steps contribute to the higher recovery effect of the JRC protocol, reducing RCharge trans f er
and RMasss trans f er, especially at high current density.

4. Conclusions

In this study, we assessed the effectiveness of time-efficient (operando) procedures for
recovering reversible performance degradation in PEMFCs through temperature reduction.
We compared these procedures with the more intricate JRC recovery protocol, which served
as a reference. The following conclusions can be drawn:

• Temperature reduction (associated with water condensation) is often attributed to
the recovery of voltage losses resulting from the regeneration/redistribution of the
ionomer structure, representing a primary effect. Therefore, its efficacy is anticipated
to be influenced by specific operation conditions, particularly the level of relative
humidity (RH). To avoid overinterpretation of our study, it is crucial to emphasize
that the conclusions drawn from our study are applicable to MEAs operated at 100%
RH; variations in RH levels are expected to result in quantitative differences in the
observed outcomes;

• The amount of liquid water generated in the cathode during the operando recovery
procedure exhibits a positive linear correlation with the absolute recovered voltage,
particularly within a current density range below 1 A cm−2. This finding confirms the
pivotal role of liquid water in the recovery of performance losses, likely associated with
ionomer hydration and the resultant structure changes. Consequently, the observed
results are anticipated to be applicable irrespective of the catalyst type, whether Pt/C
(as in this study) or an alloyed catalyst (e.g., Pt-Co/C) is utilized;

• Operando temperature reduction during load cycling leads to 60–70% of the recovery
of the JRC protocol at a much shorter duration (1.5 h versus 10.5 h). If the cell is kept
at OCV during temperature reduction, the relative recovery is higher than 80%, likely
due to avoiding flooding since no product water can be generated;

• The reduction in temperature from 80 ◦C to 45 ◦C is sufficient, and a further reduction
to 30 ◦C does not lead to further recovery (at a similar duration). Longer durations
of the cooling-down process have a slightly positive effect on the recovery of perfor-
mance losses;

• Based on EIS data, the main contribution to recovery is the reduction in charge transfer
resistance, followed by the reduction in mass transport resistance;

• It could be argued that the recovery due to water management, which was investigated
using a specific flow field design, cannot be generalized because it strongly depends
on the flow field design. Water management and the corresponding performances
of PEMFCs have been shown to vary based on factors such as the flow field design
(e.g., straight parallel channels, single or multiple serpentine channels, interdigitated
channel or pin-type structures), channel geometry, and surface properties [57,58].
However, many studies have comparatively investigated, both experimentally and
theoretically, the differences between flow field geometries, allowing variances for
other configurations to be assessed [59,60].

Generally, temperature reduction during operation results in a partial recovery of the
reversible performance degradation. In contrast to common recovery procedures, such as
the protocol from JRC, the temperature reduction recovery is less time-demanding and
easier to implement, since no additional equipment, such as a nitrogen gas supply, is needed.
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Therefore, it is suitable for use during operation in transport applications. Moreover, it is
expected that at the stack level the recovery procedure can be easily implemented, because
the specific thermal mass is much lower (10–20 times) than in the lab-scale cell used in this
study. On the other hand, it is noteworthy that a voltage drop occurs during the operando
recovery procedure (up to 50 mV at 1 A cm−2). In real-world applications, to prevent a
significant cell voltage drop and potential global gas starvation, it is necessary to avoid
high current density during the operando recovery procedure. In scenarios where there is
a sudden demand for power, such as dynamic operations with fuel cell vehicles, the fuel
cell stack can be supported by the battery pack during the implementation of an operando
recovery procedure.

In this work, a global temperature reduction was applied, and no significant local
recovery effects are expected. Thus, in a full-scale cell area without significant inhomogene-
ity of the current density distribution along the flow channels, the effect of the operando
recovery procedure should be similar to the results obtained using a small-scale cell area.
However, the scaling-up effect (from a small single cell to a full stack system) on recovery
depends on the specific operation parameters and system configuration [61]. Therefore,
operando temperature reduction with a full-scale fuel cell system needs to be investigated
using dedicated experiments to determine the appropriate setpoint temperatures and
durations for a given stack.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en17040774/s1. Figure S1: Voltage changes during the operando
temperature reduction: (a,e) correspond to Recovery 1, 80 ◦C to 45 ◦C (95 min); (b,f) correspond
to Recovery 2, 80 ◦C to 60 ◦C (35 min); (c,g) correspond to Recovery 5, 80 ◦C to 60 ◦C (95 min);
(d,h) correspond to Recovery 6, 80 ◦C to 45 ◦C (35 min). Recovery 3 and 4 are repetitions of Recovery 1
and 2, which show similar results and are not presented here. Figure S2: (a) Cell voltage recorded during
the durability test for the investigation of recovery procedures based on operando temperature reduction.
The red points are the cell voltage at the beginning of each test block at 1 A cm−2. (b) Irreversible
degradation rate at the current density range from 0 to 1 A cm−2. Figure S3: Absolute recovered voltage
versus total amount of liquid water formed during operando recovery at all the evaluated current
densities, from 0 to 1 A cm−2. Recovered voltage corresponds to data from Figure 3b. Figure S4: Slope
and intercept of the linear fitting results between the absolute recovered voltage and the formed liquid
water during each operando recovery procedure at different current densities. Figure S5: (a) Cell voltage
recorded during the durability test for the investigation of recovery procedures based on non-operando
temperature reduction. The red points are the cell voltage at the beginning of each test block at 1 A cm−2.
(b) Irreversible degradation rate at the current density range from 0 to 1 A cm−2. Figure S6: Polarization
curves measured during the durability test with non-operando temperature reduction. The error bars
correspond to the standard deviation from the average of the last 30 s of the dwell time of each tested
current density step. Figure S7: Absolute recovered voltage versus total amount of liquid water formed
during non-operando recovery at all the evaluated current densities, from 0 to 1.5 A cm−2. Recovered
voltage corresponds to data from Figure 6b. Figure S8: Slope and intercept of the linear fitting results
between the absolute recovered voltage and the formed liquid water during each non-operando recovery
procedure at different current densities.
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