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In the commercialization of the hydrogen fuel cell for the transportation sector, one of the
main factors affecting the lifespan of the fuel cell is voltage reversal, especially when the
anode of the fuel cell is subject to fuel starvation momentarily during the operation. In this
article, mitigation methods for voltage reversal are summarized in three parts, namely, the
catalyst approaches, the MEA design approaches, the stack and system strategies
approaches, which include the application of a highly active oxygen evolution reaction
(OER) catalyst or durable catalyst support in the anode, employing a protective layer for the
catalyst layer or optimizing the formula of the catalyst layer or employing a durable GDL, or
optimization of stack design or system operation strategies.

Keywords: voltage reversal, oxygen evolution reaction, carbon corrosion, water electrolysis, durability, reversal
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INTRODUCTION

In an effort to decarbonize the transportation sector, there has been a solid desire to electrify the
drivetrain of both commercial and passenger vehicles. The approaches include hybrid vehicles,
lithium battery vehicles, and hydrogen fuel cell vehicles. Specifically, for commercial vehicles such as
buses and trucks, the fast refueling and long-distance driving range can be achieved by hydrogen fuel
cells. Additionally, hydrogen fuel cells exhibit high energy density, high energy conversion efficiency,
and zero on-site pollution (Peng et al., 2015; Xiong et al., 2015; Jia et al., 2017; Yanzhou, 2017; Bizon
et al., 2019; Huang et al., 2020). Hyundai, Toyota, Honda, and other car companies have launched
various fuel cell vehicles, and in China, this technology is being used to replace diesel engines.
However, fuel cells are yet to achieve significant cost reduction to expand their commercial footprint.
To lower the cost of fuel cell stacks, approaches such as utilizing non-Pt catalysts to replace the Pt/C
(Peng et al., 2013; Liu et al., 2014a; You et al., 2014; Nakashima, 2019; Sibul et al., 2020) and self-
humidifying membrane electrode assembly (MEA) to reduce the size/cost of the humidifier (Fan
et al., 2017; Anu and Cindrella, 2019; Hou, 2019; Shin, 2020) have been investigated. To improve the
performance of fuel cells, significant research has been focusing on the synthesis of catalysts
(particularly the cathode) (Paul et al., 2015; Dang et al., 2017; Dustin et al., 2019; Chalgin, 2020) and
extensive efforts have been carried out to understand the mechanism of degradation (Liu et al.,
2014b; Jia et al., 2016; Shen, 2020; Vichard et al., 2020; Chen et al., 2021a; Hu, 2021; Rui, 2021).

During normal fuel cell operations, electrode potential drives the desired electrochemical
reactions, namely, the oxygen reduction reaction (ORR) at the cathode and the hydrogen
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oxidation reaction (HOR) at the anode. Under normal
circumstances, both the anode and the cathode have excess
hydrogen and air supply, respectively. However, there are
circumstances that cause drastic potential excursions at the
electrode, such as low catalyst performance, insufficient supply
of reactants, uneven gas distribution, rapid changes in load, and
startup or shutdown operations. These failure modes are known
to degrade the performance of MEA rapidly, and hence degrade
the performance of the fuel cell stack as a whole (Chen et al., 2019;
Wh, 2021; Jia et al., 2015; Cheng, 2015; Zhao, 2020).

For a commercial application, one of the most damaging
factors is the global fuel starvation. This occurs when
complete blockage of H2 occurs at the anode of one or more

MEAs, while the other MEA in the stack continues to operate
normally. As shown in Figure 1A, local fuel starvation leads to
current reversal, while overall fuel starvation leads to voltage
reversal as shown in Figure 1B. A slight fuel shortage occurs
during low stoichiometric ratio or a surge in load demand, and
these may resulting in local fuel starvation. Low pressure caused
by local fuel starvation would result in the permeation of air;
accordingly, carbon corrosion takes place in regions facing air/H2

boundary and in the cathode. When the stoichiometric ratio of
fuel is less than 1, overall fuel starvation occurs. Once the fuel cell
has been forced to sustain the current, carbon oxidation reaction
(COR) and OER would take place to provide protons and
electrons. When this happens, as is shown in Figure 2, the

FIGURE 1 | Difference between local H2 starvation and overall H2 starvation.

FIGURE 2 | Potential profile of the single cell during the simulated cell reversal event. Reproduced with permission (Taniguchi et al., 2004). Copyright 2004, Elsevier.
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anode potential of the fuel-starved MEA is driven to excessively
high potentials (>2 V), leading to the rapid oxidation of the
anodic carbon structure. Meanwhile, the cell voltage drops
rapidly until below 0 V, and the fuel cell turns into an
electrolyzer. This failure must be differentiated from local fuel
starvation, which leads to a very different failure mode in which
the cathodic carbon structure would be damaged. At the same
time, the anode does not experience any high potential.

When hydrogen is not supplied to the anode, the voltage of the
MEA decreases rapidly in a few seconds due to the raising of the
anode potential. The reversal occurs when the anode potential
exceeds the cathode potential. When the anode potential rises to
1.5 V, both carbon corrosion and water electrolysis occur to
provide electrons and protons, rather than the normal
hydrogen oxidation reaction to provide protons and electrons
(Zhang et al., 2012; Yi, 2012; Dong, 2009). The result of these
reversal events is carbon corrosion and sintering of Pt particles
leading to significant damage to the anode catalyst layer and
eventually complete failure of the MEA. Carbon corrosion of the
anode near the outlet of the stack is often more severe than that of
the inlet due to H2 concentration gradients through the flow fields
(Yi, 2012). As shown in Figure 3, the voltage of the two ends of
singles cells have been compared under different fuel
stoichiometry. Compared with single cells in Figure 3A, and
the single cells in Figure 3B that is partially fuel starved is found
to quickly suffer from voltage drop (Hu et al., 2018). Water
electrolysis and carbon corrosion are concurrent. However, the
anode potential determines the relative rate of the two reactions.
Water electrolysis is favored at cell voltages between −0.9 V and
−1.1 V (Velikokhatnyi et al., 2013; Liu et al., 2014b; Wang et al.,
2020a; Wang et al., 2020b), while carbon corrosion is favored
between −1.7 and 2.0 V (Hasché et al., 2010; Dhanushkodi et al.,
2013; Pandy et al., 2013). Prolonging the reaction of water

electrolysis is helpful to alleviate the occurrence of carbon
corrosion reaction (Lee et al., 2021a).

Overcoming reversal has been a key focus within the fuel cell
industry. However, it has received relatively less attention within
academia. However, with the rapid growth of the PEMFC
industry in recent years, and the large-scale deployment of the
technology, the importance of solving this critical issue has gained
momentum in the academic research community. Lots of work
on reversal tolerance anode (RTA) strategy were explored; to
reduce the influence of fuel starvation, RTA uses OER catalyst,
which promotes the electrolysis of water and reduces the rate of
COR. In this review article, approaches to solving this technical
challenge are categorized and discussed according to the 1)
materials level (catalyst solutions), 2) MEA level (anode/MEA
design solutions), and 3) stack and system level. Following a
review of recent literature, concluding remarks on future
directions are made.

CATALYST APPROACHES

Previous studies suggested that COR and MEA deterioration can
be suppressed by adding OER catalyst into the anode. Using
oxidation-resistant carbon supports is also helpful in alleviating
carbon corrosion (Petch et al., 2015). Thus, from the level of the
material, approaches to overcoming reversal have focused on
developing a highly active OER catalyst and a highly durable
HOR catalyst.

Development of Highly Active OER Catalyst
Tita Labi (2021) prepared graphitized Vulcan carbon black-
supported IrOx catalyst (IrOx/GV) by the microwave-assisted
polyol deposition technology. The mass fraction of Ir in IrOx/GV

FIGURE 3 | Voltage difference between the two ends of the cells. Reproduced with permission (Hu et al., 2018). Copyright 2018, Elsevier.
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is 56wt%, and the Ir nanoparticles are 4–8 nm. IrOx/GV was added
to the anode CL as an OER catalyst, and the loading of Ir in the CL
was 0.1 mg/cm2. After 5 min, 10 min, and 30min of the intermittent
reversal test, the reversal voltage is basically maintained at −0.8 V;
after the reversal test, the performance is kept at 95% of the initial
performance of the fuel cell, without causing serious performance
damage. Through SEM and EIS analysis, the attenuation of the
performancewas found to bemainly due to the loss and shrinkage of
the proton exchange membrane (PEM) and the structural
deformation of the ionomer affecting the proton transport
pathway. The anode CL inevitably becomes thinner, which leads
to the decline in performance and increase in contact resistance. In
addition, it was found that the Pt/C is stable in the short-term
intermittent starvation process, while it becomes charged and
soluble in the long-term instigation reversal process.

However, due to the difference in the surface characteristics of
Pt/C and IrO2, it is still a challenge for IrO2 to be uniformly
dispersed in the catalyst slurry. At the same time, the loading of
Pt/C and IrO2 catalysts will also be reduced. Compared with
directly mixing IrOx prepared using the Adams me1lting method
with commercial Pt/C as the reversal tolerance anode, Roh et al.
(2019) deposited IrOx on the surface of the commercial Pt/C
catalyst. As is shown in Figure 4, compared with the mixture of
IrOx and commercial Pt/C, IrOx-Pt/C can protect the carbon
support from carbon corrosion, as Figure 4A shows, the
durability is increased by four times. The OER ability of
different catalyst has been verified by on-line monitoring the

release rate of CO2 and O2 as shown in Figures 4B,C. At the same
time, the anti-reversal effect of IrOx and Ir were compared, and it
was found that the anti-reversal effect of Ir was very poor, mainly
because Ir could also participate in the competition of HOR
reaction and Ir was easily poisoned by CO.

Lee et al. (2021b) synthesized graphitized carbon-supported
Ir-Ru alloy as an anti-reversal OER catalyst as IrRu2 alloy
particles have good particle size distribution. The activity of
IrRu2 with grain diameter less than 5.33 nm is 1.1 times
higher than the activity of Pt/C. Through the simulated
reversal test, using IrRu2/C as an anode catalyst, the durability
was actually up to 7 h, while using only a Pt/C catalyst, the
durability was only approximately 10 min. The modified IrRu
alloy catalyst is expected to be used as an anode catalyst and
replace Pt in PEMFC. The surface segregation of Ir in the IrRu
alloy would downshift the d-band which lead to the decrease of
hydrogen adsorption energy, resulting in high catalytic activity
(Lile, 2021). Xiangyang Zhou et al. (Zhou et al., 2020) prepared
the IrO2/RuO2 catalyst using the improved Adams melting
method. In the half-cell, the durability of the MEA with the
IrO2/RuO2 catalyst was improved, the activity decreased slightly,
and the voltage of the single cell at 1 A/cm2 and the maximum
power density decreased by 2.8 and 8.7%, respectively. The
durability was prolonged from 0.67 to 66 min, the H2

starvation test was repeated, and the cumulative durability was
as long as 78 h. You et al. (2020) reported the effects of the ratio of
Ru to Ir in alloy catalysts and the graphitization extent of the
carbon support on the reversal tolerance ability. The
impregnation reduction method was used to prepare RuxIry
alloy catalysts, and the carbon support was treated at different
high temperatures. The results show that the crystalline structure
of RuxIry is hexagonal with the increase in Ru content. Under the
condition of single-cell test, the performance of RuxIry alloy is
similar to that of the Pt/C catalyst. Moreover, the RuxIry alloy
catalyst showed a coordinated lifting effect, and the reversal
tolerance ability was better than that of the mixed Ir and Ru
catalysts in the same proportion. With the same proportion of
RuxIry alloy, the higher the graphitization degree of the carbon
support, the better the antireversal ability of MEA. Kim et al.
(2020) prepared Ir-Ru/C alloy catalysts using the impregnation
reduction method. The effects of different reduction
temperatures in a hydrogen atmosphere and different heat
treatment temperatures in a nitrogen atmosphere on the OER
and HOR properties of the Ir-Ru/C alloy catalysts were
investigated. The results showed that the precursors of Ir and
Ru can also be reduced in a nitrogen atmosphere. The IrRu4/C
reduced at 200°C in the hydrogen atmosphere shows better
electrochemical activity and stability than IrRu4/C prepared at
300°C, which is related to the low crystallization on the surface of
catalyst particles under mild heat treatment. The properties of
IrRu4/C at different heat treatment temperatures in the nitrogen
atmosphere are the same as those of IrRu4/C prepared in the
hydrogen atmosphere. However, the performance of IrRu4/C
prepared at 900°C in the nitrogen atmosphere is similar to
that of IrRu4/C prepared in the hydrogen atmosphere.

Lee et al. (2019) synthesized graphitized carbon-supported
IrRu4Y0.5 ternary alloy catalyst, which showed 21% higher

FIGURE 4 | Reversal tolerance ability of various RTAs. Release of (B)
CO2 (m/z 44) and (C)O2 (m/z 32) during the voltage reversal test. Reproduced
with permission (Roh et al., 2019). Copyright 2019, Elsevier.
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performance and better antireversal durability than Pt/C. It is
considered that the IrRuY-based catalyst is expected to displace
the Pt-based catalyst as the bifunctional catalyst of HOR and
OER. Cullen et al. (2014) reported the OER catalyst would limit
the migration of dissolved Pt. This is because Ir tends to exist in
the form of highly dispersed nanoparticles, while Pt tends to exist
in the form of large particle agglomeration. Ir migrated into the
PEM provides nuclei for Pt, which limits further migration of Pt
to the PEM. Ru is easier to dissolve than Pt and Ir, but migrates to
MPL rather than PEM. Moore et al. (2019) investigated the OER
activity and durability of IrO2 with different crystallization and
IrOx/TiO2 with TiO2 as support using the non-in situ accelerated
pressure test. The results showed that the higher the
crystallization of IrO2, the longer the reversal tolerance
durability, the higher the specific surface area of IrO2, and the
better the mass activity. Compared with IrO2 without support,
IrOx/TiO2 has the best mass activity, but the dissolution
concentration of Ir is the highest, which may be due to Ti3+

acting as a reducing agent, leading to the dissolution of IrO2, and
the formation of oxygen vacancy in TiO2 support is helpful in
improving the OER activity of IrOx/TiO2. Tovini et al. (2020)
confirmed the surface of IrO2 particles will be reduced to Ir by H2,
and the Ir will dissolve, diffuse through the membrane, and be
deposited on the cathode Pt/C during repeated start-up and
shutdown, resulting in the decrease in the cathode ORR
activity. The Ir in the cathode CL can be observed with the
help of XPS. At the same time, repeated start and stop will also
result in the loss of decreased OER activity because the anode Pt
will be dissolved and deposited on the surface of IrO2 to block the
OER active site. The chemical stability of IrO2 should be
considered when IrO2 is blended with Pt/C as an anode catalyst.

Development of Durable HOR Catalysts
The occurrence of carbon corrosion will not only cause an
increase in electrical resistance, but also increase the
hydrophilicity of carbon support which leads to flooding
(Taniguchi et al., 2004). Some support shows a positive effect
on the catalyst, for instance, enhanced active surface area,
improved activity, long service life, etc (Puthiyapura et al.,
2014; Liu et al., 2020; Bhanja et al., 2019; Min et al., 2017).
Kumar et al. (2017) synthesized an anode catalyst with 40wt.%
Pt on RuO2-TiO2. Compared with TKK TEC10EA30E, the
voltage of Pt/RuO2-TiO2 remained stable after 400 cycles of
reversal test, which was related to the corrosion resistance of the
support and the excellent OER activity of RuO2. Using Ti4O7 as
catalyst support also has a good reversal tolerance ability.
TinO2n-1 (4 < n < 10) of Magneli phase has been considered
for various electrochemical applications because of its chemical
stability and electrical properties. The conductivity of TinO2n-1

increases with the decrease in n, and the conductivity of Ti4O7 is
similar to that of graphite. Tsutomu Ioroi et al. (Ioroi and
Yasuda, 2020) prepared Ti4O7 by pulsed ultraviolet laser
irradiation on TiO2, then impregnated and reduced Pt/Ti4O7

catalyst, and then supported a small amount of Ir on Pt/Ti4O7 by
impregnation reduction. The reversal tolerance performance of
Pt/C, Pt/GKB, and Pt/Ti4O7 catalysts was compared, and it was
found that the reversal tolerance performance of the Pt/Ti4O7

catalyst was the best. At the same time, the reversal tolerance
performance of Pt/Ti4O7 with different loading of Ir was
compared. The results showed that the reversal tolerance
ability improved with the increase of Ir content. For the
catalyst supported by trace Ir on Pt/Ti4O7, although the
loading of Ir is only 0.014 mg/cm2, the durability is still as
long as 7200 s. As is shown in Figure 5, the voltage of Pt-Ir/
Ti4O7 at 1 A/cm

2 only decreased 19 mV, while using Pt/C as the
anode catalyst with the loading of Ir is as high as 0.1 mg/cm2, the
voltage decrease is still higher than that of 50 mV. In addition, it
is also found that Ir/Ti4O7 with low Pt can replace Pt/Ti4O7 as
an anode catalyst, and Ir/Ti4O7 with low Pt has excellent HOR
activity and high OER activity. Lee et al. (2020) prepared IrRu4/
Ti4O7 with 20%mass fraction of IrRu from commercial Ti4O7 as
an anode catalyst. Compared with 20wt.% commercial Pt/C
catalyst, the HOR activity of IrRu4/Ti4O7 is similar to that of
20wt.% commercial Pt/C, but the reversal tolerance ability of
using IrRu4/Ti4O7 is much higher than that of Pt/C. Zhu et al.
(2017) synthesized Pt/C by modifying Pt by hydrophobic ionic
liquids. The modified Pt/C catalysts showed excellent oxygen
reduction and oxygen evolution performance due to its high
ionic conductivity and excellent oxygen solubility of protons
ionic liquids. The OER performance of the Pt/C catalyst
modified by protons ionic liquids is helpful to protect the
carbon group from oxidation and obtain a certain
antireversal ability. Jung (2011) used carbon nanotube-
supported Pt as a cathode catalyst to study the durability of
Pt/CNT under anode reversal. Compared with the application
of carbon black, CNT has a smaller edge area and less carbon
corrosion when the reversal occurs, which is helpful to alleviate
the sintering of Pt particles and boost the durability of MEA.
The way to boost the durability of MEA is to increase the loading
of anode catalyst, cover the surface of anode catalyst support, or
use oxidation-resistant catalyst support. Knights et al. (Knights
et al., 2003) believed that increasing the catalyst coverage to
greater than 9% of support surface area or decreasing the
relative interface perimeter of the catalyst and support to less
than 4 × 1010 m/g can help improve the voltage reversal
tolerance, and the higher the graphitization extent of support
is, the better the voltage reversal tolerance will be.

Wang et al. (2020c) synthesized octahedral PtNi/C which has
better electrochemical activity and durability than JM Pt/C. The
electrochemical activity of PtNi/C decreased slightly when IrO2,
RuO2, and PtNi/C were mixed as a composite anode and the
PtNi/C catalyst was used as a cathode. Compared with only PtNi/
C as a cathode and anode catalyst, the electrochemical activity of
composite anode remained higher after accelerated durability
test. Especially under the condition of continuous reversal test,
the durability of MEA prepared by the composite anode was
extended by 1 h. Hee-sun Kim et al. (Kim et al., 2021) deposited
nano-Ir on the Pt/C catalyst and oxidized it at a high temperature
to obtain Pt-IrO2/C catalyst. The carbon support is multi-defect
carbon support, which is traditionally considered to be more
prone to carbon corrosion. IrO2 anchored on the support surface
can better protect the support, so that the durability of the fuel cell
can be as long as 44 h. Because of the higher specific surface area
of multi-defect carbon base, IrO2 has higher OER activity and
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resistance to CO poisoning. Through the on-line mass
spectrometer monitoring, the continuous release of O2 under
the condition of reactant starvation could be observed. When the
fuel cell begins to fail, the emission of CO2 increases continuously.
The treatment temperature of the Pt-IrO2/C catalyst was also
studied, and the treatment effects of 250°C, 300°C, 350°C, and
400°C on Pt-IrO2/C were compared. It is not conducive to the
formation of IrO2 at a low temperature; however, excessive
temperature will cause IrO2 particles to agglomerate and
reduce the specific surface area, and the performance of Pt-
IrO2/C synthesized at the treatment temperature of 300°C is
the best.

MEA DESIGN APPROACHES

The addition of OER catalyst into the anode has two constraints
that need to be considered, one challenge is the stability of OER
catalyst in acid media, another challenge is the cost. Controlling
the hydrophilicity or hydrophobicity within the catalyst layer,
changing the morphology in the catalyst layer, or improving the
corrosion resistance of parts had been proved valid to alleviate
deterioration from MEA level.

(Mandal et al., 2015) analyzed the change in the Pt/C catalyst
after reversal through nano-CT imaging technology and
electrochemical diagnosis. The result shows that the reversal
results in the collapse of the structure of the anode CL rather
than the inter-facial exfoliation between the CL and the PEM. It is
generally considered that the performance degradation caused by
the reversal is ascribed to the COR of the anode catalyst support.
Many previous studies on fuel deficiency have shown that IrO2, as
a RTA catalyst, can inhibit the deterioration of COR of MEA. Hu

et al. (2019a) found that when the fuel cell operated below the
freezing point, the addition of OER catalyst to the anode had little
effect on the reversal tolerance ability. Repeated hydrogen
starvation tests were carried out on a single cell at a freezing
point temperature of −5°C. It was found that there was no
significant change in the polarization curve and EIS curve of
the fuel cell. By observing the performance at different
temperatures, comparing the performance of fuel cells without
IrO2 catalyst from 15 to 20°C and fuel cells with 5wt% IrO2

catalyst from 15 to 45°C, they found that carbon corrosion was
well suppressed below 0°C. At 10°C and above, the COR of anodes
without IrO2 becomes obvious. Katie Heeyum Lim et al. (Lim
et al., 2017) found that the application of graphitized carbon
support and OER catalyst in the anode can effectively alleviate the
effect of voltage reversal even if 1wt% IrO2 was added by
monitoring the voltage and the concentration of O2 and CO2

emissions in the anode side by on-line mass spectrometer. The
reversal tolerance time increased significantly and carbon
corrosion was inhibited at higher temperature (>40°C) with
the addition of IrO2. The significantly shortened duration of
the water electrolysis platform below the freezing point
temperature may be attributed to the limited availability of
liquid water due to the limitation of the unfrozen proportion
of water and its fluidity.

The addition of OER catalyst is an effective way to alleviate the
voltage reversal, but the addition of OER catalyst cannot avoid
failure. Leining Hu et al. (Hu et al., 2021) found that the
performance degradation still occurs when applying Pt black
as an anode catalyst, which is speculated to be caused by COR in
the microporous layer of the gas diffusion layer (GDL). Based on
this conjecture, they utilized Pt black as an anode catalyst, and the
coated anode CL with Ti layer with a thickness of 13 um. The

FIGURE 5 | Voltage loss of MEA with various RTAs at 1 A/cm2 after the reversal test for approximately 2 h (H2 and O2 were humidified and the flow is 100 ml/min
each, ambient pressure, 80°C). Reproduced with permission (Ioroi and Yasuda, 2020). Copyright 2020, Elsevier.

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 8447296

Xiong et al. Remit Voltage Reversal

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


results showed that the decay rate of voltage decreased from
15.2%/min to 0.049%/min, and the durability was increased by
approximately 310 times. Wang et al. (2020d) studied the
influence of gas humidity on reversal tolerance ability, and
found that humidity had the opposite effect on reversal
tolerance ability when the inlet humidity was greater than
55%. The reversal tolerance failure time of the anode CL area
near the inlet is shorter than that near the outlet, and the reversal
tolerance ability is better in the MEA region on the side of the air
inlet with a higher loading of IrO2. Joo et al. (2020) Joo suggested
that the performance of RTA drops prominently at high humidity
because of accelerated poisoning by carbon corrosion species
rather than electrical isolation caused by corrosion of carbon
support. They found the OER activity of IrO2 increases linearly
with relative humidity, while the rate of COR increases
exponentially with relative humidity. Chi-Yeong Ahn et al.
(Ahn et al., 2021) investigated the influence of different IrO2

content in the anode CL on the performance of the MEA and
found that the influence was negligible when the IrO2 content in
the anode CL was less than 5%. With further increase in the IrO2

content in the anode CL, the performance decreased with the
increase in ohmic resistance, but the durability increased with the
increase in the IrO2 content. Xiaoyang Zhou et al. (Zhou et al.,
2021) designed an RTA, and after the fuel starvation test, the
voltage of the MEA attenuates only 0.12% per hour at 1.2 A/cm2.
It is considered that the increase in mass transfer resistance is the
primary reason for the increase in anode potential. Moreover, the
location of IrO2RuO2 has a huge influence on the reversal
tolerance ability. Compared with the three ways of blending,
IrO2RuO2 and Pt/C doping, coating the IrO2RuO2 layer first and
then coating the Pt/C layer, and coating the Pt/C layer first and
then coating the IrO2RuO2 layer, the effect of coating 20wt%
IrO2RuO2 catalyst on the layer of Pt/C is the best, and the
durability is as long as 853 min, and with the increase in
IrO2RuO2 catalyst load, the durability can be as long as 5020 min.

Bentele et al. (2021) reported the normal failure reason is the
voltage loss and failure caused by the raising of HOR dynamics
and mass transfer resistance, and the increase in mass transport
overpotential indicates the collapse of the anode CL caused by
COR. In addition, two different HOR catalysts were compared,
and it was found that the durability of the RTA was also
significantly dependent on the HOR catalyst. Moreover, the
OER catalyst is still active after the collapse of the anode CL,
and the activity of the surface OER catalyst is not necessarily
related to the structural integrity of the anode. Mandal et al.
(2018) analyzed the mechanism of antireversal failure by means
of electrochemical means and X-ray tomography. The RTA
performance improved with the increased loading of IrO2.
However, although IrO2 was added, RTA failure would still
occur. Through the postimaging images, it was found that
there was no significant distribution and morphological
change of IrO2 particles in the anode CL. The characteristics
and mechanism of failure are similar to those of theMEA without
the OER catalyst, which indicates that COR occurs at the same
time of water electrolysis, and the collapse of anode CL resulted in
the increase in ohmic resistance and the degradation of
performance.

(Hong et al., 2016) by means of electrochemical methods and
nano-X-ray tomography technology found that the performance
of RTA not only attenuates rapidly under the condition of
dehydration but also attenuates quantitatively when the
humidity increases from 68 to 82%. However, most of the
reversal phenomena occur in cold start-up or flooding
conditions, which will lead to high humidity conditions. The
performance decline of MEA caused by reversal will be
accompanied by carbon corrosion, so it can be judged that the
final disappearance of OER electrolytic activity is not only the
disappearance of IrO2 itself. This puts forward some opinions on
how to solve the potential risk of fuel cells based on materials, and
emphasizes the necessity of MEA design, material optimization,
and operation strategies to improve RTA performance.

Chen et al. (2021b) compared the influence of the thickness of
anode CL on the antireversal time and found that the reversal
tolerance ability of the traditional anode CL with only Pt/C is
poor and the durability was basically the same regardless of the
thickness. As shown in Figure 6, for instance, the TEC30-01/20
means the anode CL consists of 0.1 mg/cm2 of TEC10E30TPM
Pt/C and 20 mg/cm2 of IrO2. The TEC60-01/50 means the anode
CL consists of 0.1 mg/cm2 of TEC10E50TPM Pt/C and 50 mg/
cm2 of IrO2. The thinner the anode CL with same loading of IrO2

is, the better the reversal tolerance ability is. The results show that
the durability is as long as 310 min when the thickness of the
anode CL is approximately 2 um. It is considered that the effect of
thickness on the reversal tolerance ability is mainly due to the
distribution of ionomer on the surface of the OER catalyst. In
addition, the results showed that the durability prolonged with
the increase in loading of IrO2 and the mass ratio of ionomer to
carbon support.

Cai et al. (2020) monitored the change in the electrical
resistance of the MEA during the reversal process and found
that the electrical resistance of the MEA increased slowly at the

FIGURE 6 | Influence of anode CL thickness and IrO2 loading on the
durability of the RTA. Reproduced with permission (Chen et al., 2021b).
Copyright 2021, Elsevier.
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water electrolysis voltage platform, but increased rapidly after the
end of the water electrolysis voltage platform. The correction
voltage of electrical resistance shows that the end of the water
electrolysis platform is not the deactivation or lack of water of
OER catalyst, but the increase in internal resistance caused by
carbon corrosion. Yu Zhang et al. (Zhang et al., 2018) investigated
the degradation of GDL after the durability test; they found the
attenuation of GDL accounted for 13.36% of the whole
attenuation of MEA. Yajun Wang et al. (Yajun et al., 2019)
designed a test pool in which current density sensors are added to
the cathode plate, temperature and humidity sensors are added to
the anode plate. It is found that the failure of the RTA is primarily
ascribed to the destruction of the electronic path in the GDL, CL,
and bipolar plate caused by carbon corrosion instead of the
inactivation of the OER catalyst. In addition, In addition,
adding OER catalyst to the GDL can significantly improve the
reversal tolerance ability of fuel cells. Shengyu Fang et al. (Fang
et al., 2014) coated anode GDL with TiVCr hydrogen storage
alloy by direct current sputtering, the MEA with TiVCr-coated
GDL shows greater durability than MEA with uncoated GDL
under no hydrogen condition. As shown in Figure 7, the TiVCr
layer absorbs hydrogen to saturation and releases hydrogen
during starvation, the released hydrogen can mitigate the
voltage reversal. Hao et al. (2015) replaced XC-72 with
antimony-doped tin oxide as a microporous layer; the GDL
with antimony-doped tin oxide MPL shows better durability
after oxidation for 55 h.

STACK AND SYSTEM STRATEGIES
APPROACHES

The high potential of the anode will accelerate the COR and
lead to the degradation of the anode CL in a short period,
resulting in the irreversible performance attenuation of MEA
(Liu and Hou, 2013; Matsuura et al., 2013; Zhang et al., 2017;

Malinowski et al., 2019). Zhong et al. (2018) optimized the flow
field design by simulation to improve the distribution of
hydrogen in the flow field to obtain uniform and distinct
current density. Scott et al. (2015) changed the series
structure of the traditional stack by changing the structural
design of the stack. The bipolar plate, which is used to
distribute reactants, was changed to supply only one kind of
reactant, and the MEA was also adjusted from the original
cathode face to anode to cathode face to cathode. The stack can
still work normally after some cells failed. Cell voltage monitor
(CVM) has been used to monitor the voltage of individual cells
in stack for the control unit to avoid the occurrence of reversal
(Debenjak et al., 2015; Vivas et al., 2019; Shin et al., 2020); the
additional accessories involved will not only increase the
complexity of the system and reduce the cost efficiency, but
also cannot solve the reversal problem. The second solution is
the improvement of system hardware materials. But it is
expensive and complicated for the fuel cell system.
Optimizing the control strategy would be effective to
prevent voltage reversal. Control strategies generally
monitor operation parameters and feedback by adjusting
pressure, flow, and load change, and controlling the stack
temperature and gas humidity.

Voltage reversal damage can be minimized by adjusting the
stoichiometric ratio of fuel and air, temperature, current load,
water management, and other operating parameters. Taniguchi
et al. (2008) investigated the effect of reversal caused by air
deficiency on the performance of MEA. After the reversal test
of 120 min, the size of Pt particles in the cathode CL increased
and the electrochemical specific surface area (ECSA) of the
cathode CL decreased, which accelerated the performance
decay and permanent damage of the MEA while there was no
degradation in the anode CL. Taniguchi et al. (2004) studied the
influence of hydrogen starvation on the performance of the MEA.
The EDX of the anode CL clearly showed that Ru was dissolved
from the anode CL and serious Ru loss was found in the hydrogen

FIGURE 7 | Schematic of TiVCr layer mitigating the reversal.
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outlet area. Through CO stripping voltammetry and the test of
degraded MEA, it was found that the tolerance of MEA to CO
decreased. The specific surface area loss of Pt in the cathode CL
was found by TEM and CV.

Enhancing the stiochiometric ratio of fuel and air is necessary
to avert starvation. Zhou et al. (2015) found that when the
stoichiometric ratio of H2 is less than 1, the voltage of the
MEA decreases coupled with the local current density that
begins to differ, the current density near the hydrogen inlet
shows an upward trend, and the current density near the
hydrogen outlet shows a downward trend. When the reversal
occurs, CO2 and O2 can be detected at the hydrogen outlet. When
the load further increases and the stoichiometric ratio decreases,
the problem of uneven current density is more serious. Dou et al.
(2011) investigated the influence of air starvation by in situ
monitoring of the local interface potential, current, and
temperature distribution of MEA. The results showed that the
local potential of the air inlet area remains positive. In contrast,
the local potential of the middle and outlet areas becomes
negative during the redox reaction, indicating that the
reduction reactions can occur in different regions of the
cathode at the same time. Before the occurrence of the
reversal, with the decrease in the air stoichiometric ratio, the
current distribution will be more uneven. When the voltage
reversal occurs, the current will be redistributed and will tend
to be uniform. At the critical point of voltage reversal, the

nonuniformity of current distribution is the most significant.
The temperature distribution in the MEA was also monitored
online. When the reversal occurred, lots of hot spots were found
in the MEA. The study of air stoichiometric ratio at the critical
point of voltage reversal under different loads shows that the
critical point of air stoichiometric ratio increases with the increase
in load. Bing Li et al. (Li and Drew, 2015) found that the rapid
change in loading frequency leads to agglomeration of catalyst
particles in the anode, which leads to the decline in the
performance of MEA, as the rate of mass transfer cannot meet
the load demand. Ye Peng et al. (Peng et al., 2021) compared
constant current and pulse-accelerated pressure tests to study the
RTA ability of MEA. It was found that the pulse test caused more
serious MEA damage than the galvanostatic experiment at the
same total reversal time. It is possible that each oxidation/
reduction cycle accelerates the dissolution of Pt and carbon
corrosion. On the contrary, in the galvanostatic test, the COR
is relatively slow due to the accumulation of passivation layer or
products. The mainway to solve this problem is to optimize
system control strategy and stack structure, in which the exhaust
composition of anode and cathode outlet, voltage, and local
density are monitored by specially designed software (YehLai
and Rapaport, 2013; Hu et al., 2019b; Pan et al., 2019; Chen et al.,
2020).

Eskin et al. (Eskin and Yesilyurt, 2019) investigated the effect
of three different anode exhaust modes on stability and durability.

FIGURE 8 | Voltage transient at 0.67 A/cm2 with 3 modes of operation: flow through (A), anode bleeding, (B) dead-end anode (C). In (B), the inset demonstrates
the 5-h portion of the specified area. In (C), the 2-h insets show the frequency of the dead-end anode cycles. Reproduced with permission (Eskin and Yesilyurt, 2019).
Copyright 2021, Elsevier.
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The differential pressure between the anode and the cathode was
1 bar to reduce the penetration of nitrogen into the anode. The
change in ECSA of the CL was compared by cyclic voltammetry
(CV). As shown in Figure 8, compared with the dead-end anode
mode and flow through mode, the anode bleeding can effectively
alleviate the voltage fluctuation and performance degradation
through the syringe pump. With the increase in the pumping
speed of the injection pump, the fluctuation of voltage is reduced.
Although the operation strategies can effectively prolong the
lifetime of the fuel cell, it needs peripheral sensors to monitor
and back feed information to adjust the parameters to operate
stably. Chen et al. (2016) optimized the opening size of the
cathode outlet and found the carbon corrosion of support in
both sides becomes less serious with the increase in opening size
under the dead-ended anode mode. Lizhong Luo et al. (Luo and
Jian, 2019) found that the system strategy can help alleviate the
fuel cell reversal phenomenon and boost the performance of the
stack. By replacing the single-way solenoid valve used in the
closed anode with a three-position three-way solenoid valve, the
results show that the maximum power of the air-cooler stack
increased by 10.96%, which significantly improves the
distribution of hydrogen in the anode channel and reduces the

voltage fluctuation. In fact, fuel cell reversal does not take long to
occur. Lin et al. (2018) found that the step load strategy is more
efficient in mitigating the COR caused by reversal during startup
and shutdown operations. (KimHan and Jeong, 2018) Juhan Kim
et al. provided the stack with anode reversal tolerance during cold
start by measuring the cell voltage, by judging whether the voltage
is reversal voltage and comparing the voltage with reference value
to judge whether in water electrolysis state, if not, limit the
current of stack or shut down, if yes, execute cold start.

The pros and cons of the aforementioned approaches are
summed up in Table 1.

CONCLUSION

Abnormal operating conditions that cannot provide sufficient H2 to
generate the required electron and proton lead to irreversible
damage to the MEA and hence the PEMFC stack as a whole.
The degradation factors include carbon corrosion, catalyst sintering
and agglomeration, and membrane degradation.

Mitigating reversal can be achieved at three different levels
of design: 1) materials, 2) MEA, and 3) system. By optimizing

TABLE 1 | Pros and cons of different approaches for mitigating voltage reversal.

Approach Pros Cons

OER catalyst or durable
HOR catalysts

IrO2-Pt/C Owns HOR and OER activity Cost increased, HOR activity decreased
IrRux/C Owns HOR and OER activity Cost increased, HOR activity decreased
IrO2/RuO2 Good reversal tolerance Cost increased, HOR activity decreased
RuxIry Better than the mixture of Ir and Ru Cost increased, HOR activity decreased
IrRu4Y0.5/C Better HOR than Pt/C and OER activity High cost
IrOx/TiO2 High durability of support Less electrical conductivity and lower HOR activity, cannot

protect GDL
Pt/RuO2-TiO2 High durability of support Less electrical conductivity and lower HOR activity, cannot

protect GDL
Ir-Pt/Ti4O7 Excellent HOR and OER activity Cost increased, cannot protect GDL
IrRu4/Ti4O7 High durability of support Cost increased, less electrical conductivity and lower HOR

activity, cannot protect GDL
Pt/CNT Improved durability of support smaller edge area and lower HOR activity, cannot

protect GDL
MEA design
approaches

Decrease the thickness of the anode CL Good voltage reversal tolerance and
does not increase material cost

Requires high precision coater

Coating TiVCr hydrogen storage alloy
layer on MPL by current sputtering

Can release H2 under starvation High cost and complex process, the risk of dissolution

Addition of OER catalyst in anode Durability increased with the increase in
IrO2 content

Ohmic resistance increased, cost increased

Air inlet of MEA with higher loading of IrO2 Better RTA performance, save material Complex process and difficult for batch production
Coating IrO2RuO2 catalyst on layer of
Pt/C

Better RTA performance Cost increased

Replaced XC-72 with antimony-doped tin
oxide as microporous layer

Effective to protect MPL from corrosion Cannot remit the occurrence of voltage reversal and
protect the anode CL

Stack and system Optimize the flow field design Improve the distribution of fuel, reduce
the flooding

Cannot avoid extreme condition

Changing the structural design of the
stack

The stack can still work normally after
some cells failed

Increased the complexity of process

Increase stoichiometric ratio Better performance, no structure
change

Exorbitant stoichiometric ratio would cause power
consumption increase, high requirement for air
compressor

Change of loading frequency No cost from materials, avoids sharp
change in current

Cannot avoid extreme condition

Anode exhaust modes Alleviate the voltage fluctuation
Monitoring cell voltage Discover the reversal on time Increased complexity of system and cost
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the carbon support and adding OER catalyst into the CL,
damage due to reversal can be significantly mitigated.
Furthermore, changing the morphology and location of the
OER catalyst in the CL and replacing the carbon support with
conductive oxides can help increase the anode lifespan. At the
MEA level, optimizing the design, such as using more voltage
reversal tolerant GDL, or protecting the CL by an inactive
metal, is a possible solution to alleviate performance
degradation. Finally, the anode can be protected by an
appropriate control strategy at the system level. Due to
limited supply and rapidly increasing prices of Ir, future
efforts will have to focus on developing either non-Ir
reversal catalysts or a more advanced system level to
eliminate the use of Ir in the MEA altogether.
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