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water flooding problem for
unitized regenerative fuel cells: status and
perspectives

Immanuel Vincent, Eun-Chong Lee and Hyung-Man Kim *

Unitized regenerative fuel cells (URFC) are capable of generating, storing, and releasing energy on demand

in a sustainable manner. Water management is of vital importance to achieve maximum performance,

durability, and round-trip efficiency in URFCs. However, URFCs suffer from critical issues related to their

mode-switching process, water flooding, and membrane dehydration. The essential problem of water

management is maintaining a subtle equilibrium between membrane drying and liquid water flooding to

prevent membrane dehydration and ensure high URFC performance. This paper provides an overview of

the operating principle of URFCs and describes the underlying phenomena related to water

management issues. It also summarizes state-of-the-art studies of water management with a focus on

recent developments and discusses the technical challenges of water management strategies. In

addition, we propose a novel system design to address these critical water management issues. Overall,

this review identifies the gaps in the research and development of URFC water management and

identifies several essential future developments and research directions for future investigation.
mmanuel Vincent is a Research
rofessor in the Department of
echanical and Automotive
ngineering and invited over-
eas scientist as Brain Pool
ellow at the INJE University,
imhae. South Korea. He ob-
ained his Ph.D. degree in 2012
n Chemical Engineering from
he Indian Institute of Tech-
ology Delhi. His research
ocuses on design, fabrication,
nd performance testing/
mbrane-based electrochemical
vices including fuel cells, elec-
ve fuel cells (URFC). He also
anned aerial vehicles by using
iques, aerodynamics and

Safety Vehicle Core Technology Research

Gimhae-si, Gyongsangnam-do 621-749,

c.kr; Fax: +82 55 324 1723; Tel: +82 55

6860
1. Introduction

Electricity produced by sustainable energy sources, such as
solar or wind, is able to meet an increasing share of global
energy demand.1–3 However, climatic conditions such as cloud
cover and low wind speeds can limit photovoltaic and wind
power output.4–6 Thus, an effective and economical energy
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storage technology is needed to supply sustainably produced
electricity without interruption.7–9 To counteract the irregulari-
ties in power output, cost-effective energy storage devices such
as electrochemical batteries have been coupled with renewable
energy sources to balance loads for full-time operation; such
systems exhibit high round-trip efficiency.10–12 However, despite
their cost-effectiveness and round-trip efficiency, batteries are
not suitable for long-term operation due to their low efficiency
and self-discharge; they can supply electricity for only a few days
without being recharged.13–15 In addition, due to so-called
battery health issues, they require frequent maintenance, and
exhibit highly operation-dependent lifetimes (1–10 years) and
low gravimetric energy densities (108–144 kJ kg�1). Clearly,
a more suitable technology for uninterrupted power supply is
required.16,17

Recently, tremendous research and development efforts
have been undertaken to develop alternative energy storage
technologies for uninterrupted power supply. Storage of the
produced energy as hydrogen has been proposed, as hydrogen
is an excellent energy carrier that can be used for both energy
harvesting and supplying an energy load.18,19 Regenerative fuel
cells (RFCs) are an interesting potential hydrogen storage
technology. RFCs are electrochemical devices that can store and
convert energy using H2 as a exible energy carrier; this tech-
nology is based on recent developments in fuel cell tech-
nology.20–22 These devices have the potential to provide low-loss
storage on a season-to-season basis with a much longer lifetime
than batteries. An RFC consists of an electrolyzer stack and
a fuel cell stack; in many RFC designs, these stacks are imple-
mented as separate devices. This sophisticated system allows
for efficient energy storage and conversion. The role of the RFC
system is to store energy by converting electrical energy into
chemical energy (i.e., by producing the fuels hydrogen and
oxygen); the energy stored in the reservoir as fuels can later be
re-converted into electrical energy.
Hyung-Man Kim is currently
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Engineering at INJE University
and the Director of the National
Leading Research Laboratory of
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tained his Ph.D. degree at the
University of Tokyo, Japan, in
1997. He has been a full
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RFCs combine electrochemical storage and conversion, and
can thus produce clean energy efficiently.23 Similarly, to
batteries, they can effectively store and convert chemical energy
into electrical energy. However, conventional batteries can only
store <200 W h kg�1, while RFCs can store up to 400 to
800 W h kg�1.24 RFCs can also be charged and discharged
without affecting their durability. RFCs have already been
applied in many elds, including aerospace, aviation, grid
supplementation, transportation, and military elds, and their
coupling with wind and solar energy production has been
proposed. Hence, RFCs could be used widely in electric vehicles,
uninterrupted power supplies, and onsite energy storage
systems for solar rechargeable vehicles.25

1.1 Unitized regenerative fuel cell

The unitized regenerative fuel cell (URFC) is a simplied version of
a RFC in which both the electrolyzer and fuel cell stacks are
combined into a single-unit electrochemical device, providing
space and cost advantages.26 The specic energy is much higher in
URFC which is 0.4–1.0 kW h kg�1 including the mass of the
hydrogen and oxygen gas tanks. Further, URFCs can be totally
charged and discharged without suffering the endurance
comparedwith secondary batteries. The entire URFC is operated in
one of two different modes: electrolysis cell (EC) mode or fuel cell
(FC) mode.27 As its name implies, in electrolysis mode, water is
split into H2 and O2 using electricity. The produced H2 can be
stored in various forms, such as compressed gas cylinders, liquid
organic hydrogen carriers (LOHC), or metal hydrides.28 The stored
hydrogen is consumed to generate electricity on-site in “fuel cell
mode” when the demand for electricity exceeds its production.

Preliminary research into URFCs focused mainly on the devel-
opment of the gas diffusion layer (GDL), ow eld design, and
operation under pressurized conditions.29–31 Various materials and
modications were tested in GDL development, and graphitized
carbon,32 thin porous titanium metal with corrosion resistance,33

the metallic ceramics TiC and IrTiOx,34 foamy titanium,35 and
carbon paper sprayed with IrO2 were found to be in particularly
suitable for use as URFC GDLs. Other researchers investigated the
design of the ow eld, which is essential to both FC and ECmode
operation.36–38 Serpentine,39 parallel,40 and mixed ow elds41 have
been designed with the goal of providing suitable water manage-
ment and enhancing URFC performance. Bhosale et al.40 also
investigated the inuence of the operating pressure on URFC
performance. Thus far, signicant progress has been made in
research of these aspects of URFCs.

Despite the continuing research into URFC technology, the
round-trip efficiency of URFCs is still lower than that of
secondary batteries,26,42 mainly due to the water issues that
occur when switching from fuel cell to electrolysis mode and
vice versa.43 Other complications include the effects of water
ooding, water starvation, and water transport between the
components during fuel cell and electrolysis operation.44

1.2 Critical issues associated with conventional URFCs

As mentioned earlier, URFCs alternate between operation in
fuel cell (FC) mode and electrolysis cell (EC) mode; several
RSC Adv., 2020, 10, 16844–16860 | 16845
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complications occur in the cell when the mode is changed.
Mode switching is fundamental to URFCs, and is a major factor
affecting their performance.44 The distribution of gases and
water to the URFC is different in the different modes. Switching
the operation mode also changes the mass and heat transport
associated with the electrochemical reactions. In FC mode,
mass transport is limited by the formation of the by-product
water; while in EC mode, the feed side (the side at which the
oxygen evolution reaction takes place) is lled with water, which
also leads to mass transfer limitations.45 The production of
water on the cathode side in FC mode can lead to water ood-
ing, which negatively affects performance. On the other hand,
aer EC mode, water remains on the anode side.46 When the
mode is switched from EC to FC, the water will block the
distribution of the feed gas H2 to the anode.

The excess water accumulated as a result of ooding in FC
mode can affect the gas diffusion layer (GDL), and ow eld
plate (FFP) channel ooding reduces gas permeability, which in
turn affects the limiting current density.47,48 Water transport
also occurs due to the local pressure and concentration gradi-
ents, with localized fuel starvation occurring due to the mass
transfer limitation.47,48 This phenomenon causes carbon corro-
sion on the BPP, which reduces performance. Consequently, the
liquid water ooding that occurs if water is not removed peri-
odically from the cell (from the cathode in particular) will lead
to unpredictable, unreliable, and unrepeatable URFC perfor-
mance under nominally identical operating conditions.47 On
the other hand, removing the excess water from the cell can
result in membrane drying, which reduces the performance of
the URFC signicantly.49 Mass transfer limitations will eventu-
ally lead to cell starvation and complete shutdown of the cell.50

Thus, while managing the membrane humidity to ensure good
ionic conductivity is of foremost importance, the excess water
that builds up must be removed from the cathode side.51

Accordingly, water management is a delicate task, as either an
excess or deciency of water can adversely impact the perfor-
mance and lifetime of the URFC.43 Effective water management
to maintain an appropriate balance between membrane
humidity and the removal of the excess water produced in fuel
cell mode is one of the most important issues in URFC design.

Maintaining the ideal water balance during dynamic opera-
tion has posed a signicant challenge for URFC design and
operation.52 Elaborate experimental diagnostics and schemes
must be implemented to achieve consistent results, resulting in
lower performance and limiting current densities.53 This paper
provides an overview of the underlying phenomena linked to
water management and some characterization methods and
strategies to prevent their occurrence.
Fig. 1 Schematic of a proton exchange membrane unitized regen-
erative fuel cell (PEM-URFC).
1.3 Layout

This review article is structured as follows. Section 2 describes
the theory behind URFCs and the basic principles involved.
Section 3 discusses the signicance of water issues, including
their effect on the performance of URFCs. Section 4 summarizes
conventional water management technologies and the various
efforts that have been made to improve the performance of
16846 | RSC Adv., 2020, 10, 16844–16860
URFCs. Section 5 presents a proposed URFC model to address
these critical water issues. Section 6 gives a summary and
outlook of the state-of-the-art of water management technolo-
gies for URFC systems. Finally, recommendations to improve
water management and suggestions for future research and
development are given in Section 7.

2. Principle of the URFC

The unitized regenerative fuel cell is an electrochemical device
that can operate in either EC mode or FC mode.54 URFCs split
water into hydrogen and oxygen in EC mode and produce
electricity and water by combining the produced hydrogen and
oxygen in FC mode. As in any electrochemical membrane
process, the membrane electrode assembly is the key part of the
device. Therefore, the membrane electrode assembly (MEA)
should be described before further details of the URFC are
discussed. In this review, we specically consider the proton
exchange membrane (PEM)-URFC.

2.1 Membrane electrode assembly of a URFC

The MEA of a URFC is constructed from the components
described below.55 In general, the PEM Naon is used as
a polymer electrolyte. The anode and cathode catalysts are
typically IrRuOx and Pt, respectively. Porous Ti and graphite are
used as the anode and cathode GDL. The entire MEA is housed
between the two GDLs, and the complete set-up is placed
between the Ti and bipolar plates, which are grooved to create
a serpentine ow eld. The oxygen side of the MEA is supplied
with water to hydrate the membrane for better conductivity. The
performance of the URFC is measured via charging and dis-
charging cycles. During charging, the electrolysis process takes
place; during discharge, the fuel cell process takes place. The
charging (electrolysis) process is carried out using a constant
voltage and constant current, and the discharge (fuel cell)
process is carried out using a constant current. The polarization
curves obtained are used to measure the performance of the
URFC. The duration of the charging and discharging process
can be changed according to the capacity of the storage
medium. Fig. 1 illustrates the PEM-URFC components, and
their reactants and products.
This journal is © The Royal Society of Chemistry 2020
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2.2 Operating principle of URFC

Electrolysis mode. In EC mode, water is split into hydrogen
and oxygen, i.e., electrical energy is converted into chemical
energy. The overall electrolysis reaction consists of two half-cell
reactions: the oxygen evolution reaction (OER) and the
hydrogen evolution reaction (HER). An external DC power
supply is connected to the anode and cathode. Water is circu-
lated through the anode side and diffuses into the GDL to reach
the catalyst layer, where the water molecules are dissociated
into diatomic oxygen, protons, and electrons through the
oxygen evolution reaction (OER). The oxygen gas ows through
the catalyst layer and GDL to the ow channels and nally out of
the cell. The protons (H+) diffuse through the PEM and reach
the catalyst layer on the hydrogen side (cathode) due to the
negative charge attraction of the cathode, while the electrons
are transported to the cathode. The electrons travel from the
catalytic layer through the GDL and then through the end-plate
to the external circuit. In the cathode chamber, the incoming
protons and electrons recombine to produce hydrogen. The
hydrogen gas then ows through the GDL to the ow channels
of the hydrogen side end-plate and exits the cell. The oxygen
and hydrogen are released as bubbles at the surfaces of the
anode and cathode. The hydrogen produced from the electrol-
ysis reaction can be stored using various hydrogen storage
techniques.56 Catalysts are required for the half-cell reactions to
form and release the respective gases from the electrode
surfaces. The half-cell reactions are shown below:57

Anode: H2O / 2H+ + O2 + 2e� (1)

Cathode: 2H+ + 2e� / H2 (2)

Overall reaction: H2O (l) / H2 (g) + O2 (g) (3)

Fuel cell mode. In FC mode, the chemical energy is con-
verted back into electrical energy. Like in the water electrolysis
process, during FC operation, two electrochemical half-cell
reactions take place on opposite sides of an electrolyte
barrier: the hydrogen oxidation reaction (HOR) and oxygen
reduction reaction (ORR). The HOR occurs at the anode side,
and the ORR takes place at the cathode side. Hydrogen from the
storage system is supplied to the anode, and oxygen is supplied
to the cathode. The hydrogen diffuses to the anode catalyst
sites, where it is oxidized and dissociates into protons and
electrons with the help of the catalyst. The electrons accumulate
at the anode, while the protons collect in the electrolyte. The
protons are transferred across the PEM by ionic conduction,
while the electrons accumulated at the anode pass through an
external circuit to power an electrical load. The following reac-
tions take place during the fuel cell reaction:57

Anode: H2 / 2H+ + 2e� (4)

Cathode: O2 + 2H+ + 2e� / H2O (5)

Overall reaction: H2 + O2 / H2O (6)
This journal is © The Royal Society of Chemistry 2020
3. Water management issues
associated with URFCs

As discussed above, four different electrochemical reactions are
performed in a URFC: the OER and HER in EC mode, and the
HOR and ORR in FC mode.58 Water is involved in all four of
these electrochemical reactions. The performance of the system
during both electrolysis and fuel cell operation is fundamen-
tally linked to the transport of water in the electrochemical
cell.59 The most common water transport problems during fuel
cell and electrolysis operation are water ooding and water
starvation.
3.1 Water ooding and starvation

During FC mode, water is produced in the URFC at the cathode
interface as a by-product of the oxygen reduction reaction
(ORR). The produced water must be immediately removed
through the gas diffusion layer to the cathode ow channels, or
it will migrate from the cathode to the anode by back-diffu-
sion.59 Such ooding causes a sharp increase in the ohmic loss
due to wettability and pore size distribution. Residual water in
the gas diffusion layer also hinders the ow of the reactant gas
to the active sites and reduces the availability of the active
catalytic sites. The loss of apparent catalytic surface area directly
increases the cathodic ohmic potential at higher current
densities. Thus, the overall performance of the URFC is nega-
tively affected by water ooding.47

Water starvation is another serious issue, and is a major
cause of URFC failure.60 Water starvation leads to the absence of
the reactant H2; due to the unavailability of H2 at the anode at
the proper time, the carbon on the BPP begins to oxidize, and
carbon corrosion may occur. The H2 cannot be oxidized by the
water electrolysis to provide the required protons and electrons
for the oxygen reduction reaction at the cathode. Water starva-
tion mainly occurs under harsh operating conditions, such as
sub-zero start-up and rapid load change with high fuel utiliza-
tion. The reactions involved are the following:61

2H2O / O2 + 4H+ + 4e� (7)

C + 2H2O / CO2 + 4H+ + 4e� (8)

Corrosion of the carbon GDL leads to the loss of platinum
particles from the anode due to the weakness of the carbon
support. The weak attachment between the platinum particles
and carbon support also decreases the electronic conductivity of
the catalyst layer. Finally, thPt clusters on the catalyst layer lead
to severe reduction of the URFC performance. Fuel cell starva-
tion is one of the main causes of early failure of PEM-URFCs.62

The main cause of water starvation is misaligned ow distri-
bution due to poor design of the ow eld, stack, and
structure.63
3.2 Mode switching

Switching between operation modes, i.e., from EC to FC mode
or vice versa, is a unique and fundamental process in URFCs. In
RSC Adv., 2020, 10, 16844–16860 | 16847
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principle, switching the system between modes should not
present any difficulties. The reactants and the products are
different for each mode in the same electrochemical cell. Thus,
when the operation mode is switched, the reactant and prod-
ucts are changed. In electrolysis mode, the reactant is water and
the products are H2 and O2, while in fuel cell mode, H2 and O2

are the reactants and water is the product. When the system is
switched from ECmode to FC mode, the H2 and O2 supplies are
turned off, and both sides are purged with N2 gas to remove the
residual liquid water remaining in the channels and the mois-
ture on the cathode, where water ooding occurs during fuel
cell operation.64 Likewise, when switching from EC to FC mode,
the water supply to the anode is turned off and H2 and O2 are
removed from the ow channel; gas purging is used to remove
residual water on the anode side. The gas purging is carried out
before switching from EC mode to FC mode to remove the
residual liquid water remaining in the channels, GDLs, and
membranes aer operation. The removal of water from the
anode and cathode helps to ensure smooth operation of both
FC and EC mode.65
3.3 Effects of gas purging

During the gas purging step of mode switching, EC or FC
operation is stopped to remove the retained water in the cell.59,66

The drying operation should completely remove water from the
GDL and themembrane. Themembrane, as well as the channel,
GDL, and electrode, must be dried by the gas purge to prevent
ice formation due to residual water in the membrane. This gas
purging leads to dehydration of membrane and brittleness of
the membrane.
3.4 Membrane dehydration

The membrane must be hydrated for efficient proton conduc-
tivity. Protons move through the hydrated parts of the
Fig. 2 Schematic of the water management issues in a unitized regene

16848 | RSC Adv., 2020, 10, 16844–16860
ionomer.67,68 The proton conductivity has been reported to be
higher in wet conditions due to free movement of protons in the
hydrated parts of the ionomer. The conductivity of a fully
hydrated proton exchange membrane is 300% higher than
when it is dry. Purging dries the membrane; in its dry state,
protons cannot migrate across the membrane and its conduc-
tivity is decreased.68

Membrane dehydration is a serious issue in URFC operation,
and special attention is required to avoid this problem. During
FC operation, dehydration generally occurs at the anode side.69

The membrane dehydration can originate from three different
causes:70 (1) Insufficient hydration when the cell is fed with low
humidity or dry reactant gases; (2) at higher current densities
and temperature, formation of water at the cathode, will lack in
water due to electro osmotic drag. (3) At high current density,
back-diffusion is not sufficient to keep the membrane hydrated.
Sharp increases in current density are another reason for
membrane dehydration, as the electro-osmotic force pulls water
molecules from the anode to the cathode.71

When the membrane is dehydrated, its pores shrink, which
increases the rate of back-diffusion and leads to poor thermal
management.72 In addition, the low ionic conductivity of the dry
membrane inhibits the access of protons to the catalyst surface,
so the number of possibility of reacting sites of interphase is
reduced in the three-phase boundary layer, thus increasing the
activation overpotential.73 Another major effect of membrane
dehydration is decreased electrical conductivity, which
increases ionic resistance and ohmic potential.74 Thus,
a signicant voltage drop and temporary shutdown of the URFC
will occur. However, this temporary voltage drop can be recov-
ered by rehumidication of the membrane. The recovery is
strongly dependent on the thickness of membrane and the
water diffusion coefficient. However, dehydration of the
membrane for a prolonged period can lead to its permanent
destruction.75 A dehydrated membrane can become brittle and
rative fuel cell (PEM-URFC).

This journal is © The Royal Society of Chemistry 2020
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form cracks, allowing the product and the reactant to come into
contact with one another, which in turn leads to an undesirable
reaction that forms hot spots in the membrane. These hot spots
allow gas crossover and result in pinhole formation, which
increases the crossover.70 Once the membrane has been dehy-
drated for a prolonged period, the destructive cycle will be
initiated.76 Overall, membrane dehydration shortens the life-
span of a URFC. Fig. 2 shows the relationship between
membrane ooding and membrane dehydration.

Notably, many researchers have investigated the develop-
ment of water management techniques such as the use of
polymer wicks in the storage system and modications of the
gas diffusion layer (GDL) and ow eld plate (FFP) to improve
water transport. Electroosmotic pumps have been used in PEM
fuel cells, but have not been tested in URFCs. The next section
describes in detail the efforts that have been made to improve
overall URFC efficiency by improving water management in
these devices.
4. Current water management
strategies

As discussed earlier, water management in URFCs is addressed
using gas purging or high heat vaporization to directly force
water out of the system.77 Although these active management
schemes are robust, they require additional energy and reduce
the system reliability; parasitic losses associated with these
techniques can reduce the net power output by as much as
35%.78 In order to avoid such losses, several alternative water
management techniques have been demonstrated. Many water
management systems have been designed. Various water
management techniques, such the use of polymer wicks with
a water storage system, modication of the GDL and FFP, the
incorporation of a long channel length to induce large pressure
gradients,79 the use of different channel geometries,78 and the
removal of water by electro-osmotic micro-pumps,80,81 have been
proposed.
Fig. 3 Schematic of the use of polymer wicks for improved passive
water management (cross-sectional view).
4.1 Polymer wicks

A passive internal water management strategy in which polymer
wicks were used with a water storage system (WSS) was devel-
oped for PEM-based URFCs to improve round-trip efficiency.82

Polymer wicks are polymers that have the ability to absorb,
desorb, and hold water.83 The polymer wick concept was
adapted from PEMFCs.84 Polymer wicks were implemented in
a URFC by Lele et al.85 The polymer wicks transport the water
away from theMEA to a storage reservoir. The polymer wicks are
mounted or directly engineered on the channel surface of the
ow eld to avoid the formation of liquid slugs.86–88 This new
system uses the water removed from the device by the polymer
wicks. Strickland et al.88 demonstrated that such a wick system
could be successfully mounted in a PEMFC and could provide
stable performance with a peak power density of 0.68 W cm�2 at
low reactant delivery rates. Lele et al.89 developed a single-unit
prototype regenerative PEM-URFC equipped with polymer
wicks and a water storage reservoir. The key element of this
This journal is © The Royal Society of Chemistry 2020
technology is the polymer wicks with controlled pore size. The
polymer wicks are linked to the water storage system (WSS), and
passively transport water away from the cathode catalyst sites.
The polymer wicks and the water storage system are employed
in both EC (charge) and FC (discharge) mode, although with
different roles.

During EC mode (charging mode), the hydrogen generated
by the forward PEM reaction (HER) at the cathode is absorbed
by the capillaries of the polymer wicks and stored in the WSS,
which acts as reservoir during EC operation. The passive
transport scheme was designed and fabricated on the cathode
ow eld plate of the URFC. During discharging mode, the
water produced at the catalyst sites is wicked away towards the
water storage structure (WSS). During charging mode, water
consumption at the catalyst sites drives the capillary ow away
from the WSS. The role of the wicks during charging and dis-
charging operation is depicted in Fig. 3.

In principle, the driving force of water transport in the
polymer wicks is the capillary pressure gradient across the two
porous domains. In FC mode, the water is transported through
the pores from the water formation sites at the cathode to the
WSS through to prevent ooding of the channel. In EC mode,
the water is pulled backward through the polymer wicks to the
catalyst active sites for the production of hydrogen and water.

The integration of a wicking polymer in the URFC resulted
an insignicant performance improvement, and ooding still
persisted in even the medium current density range. The initial
design of the polymer wicks and WSS by Lele et al.89 resulted in
poor management of the water produced in the fuel cell; the
major reason for the insufficient water removal was the long
length of the channel. Due to the long channel length (12 mm)
and transportation distance, water could not be completely
removed. Lele et al.89 subsequently fabricated and implemented
another short capillary with a channel length of 3 mm. Research
into improved wick performance has also focused on high-
resolution (�1 mm) structures with well-dened geometries
and minimal bubble formation. Lele et al.89 developed a fabri-
cation process for porous polymer wicks in the originally
proposed hydraulic via designed by utilizing a photoresist mold
and bottom sealing plate. However, despite this advanced
fabrication technique and the reduced channel length, the
wicks still resulted in poor water management. The system was
assumed to suffer from higher contact resistances based on the
repeatability of the open circuit voltage. This suggested that the
wicks alone could not transport all the produced water under
RSC Adv., 2020, 10, 16844–16860 | 16849
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certain operating regimes, possibly due to an insufficient gas
pressure gradient across the capillaries.87,88

Further optimization of the porous polymer fabrication
process and system design are still required for the successful
implementation of polymer wicks and WSS. From an experi-
mental point of view, comprehensive experiments could be
performed to determine a mold release strategy applicable to
ultra-thick photoresist structures ($500 mm). Improved design
of the polymer wicks andWSS and detailed system compression
analysis could be helpful to achieve successful water
management.
Fig. 4 SEM images of sintered titanium fiber (a) and sintered titanium
powder (b) GDLs.29 (This figure has been adapted from ref. 29 with
permission from the Elsevier, copyright: 2019).
4.2 Gas diffusion layer

One of the main components of the URFC is GDL. The GDL is
normally located between the catalyst layer and ow elds. The
role of the GDL is to transport the reactant to the reaction site
and extract the product while transferring electrons.

The GDL plays three major roles in an URFC:30

(1) It provides a path for the reactant and products. During
electrolysis operation, it helps to bring water to the catalyst layer
from the ow eld, and in fuel cell mode, it transports H2 and
O2 from the ow elds to the catalyst layer. The GDL helps to
distribute the reactant and the product evenly, especially under
the ribs of ow eld. The GDL also has an excellent ability to
remove the product and transport it from the catalyst layer to
the ow channel.

(2) It helps to transport to electrons between the ow eld
and the catalyst layer, and also provides a thermal pathway to
transfer heat from the heater in both EC and FC mode.

(3) It provides additional structural strength to allow the
MEA to withstand the pressure differentials in the EC and FC
modes.

Switching from EC mode to FC mode is a challenging task
because the residual water must be removed from the GDL and
ow channel, but the membrane must remain hydrated. The
gas purging applied when the mode is switched affects various
properties of the GDL, such as its permeability, porosity, surface
contact angle, electrical and thermal conductivity, mechanical
strength and durability, porosity, and thickness.90 However,
limited research is having been published so far regarding the
role of the GDL in water management. In this section, we will
discuss the effect of different properties of GDLs and possible
treatments to improve the GDLs in terms of the purging char-
acteristics when switching between modes.

One important drawback of the GDL in the URFC is the
corrosion of the GDL in EC mode. Hence, it is worthwhile to
investigate suitable materials and compositions for micro
porous layers (MPLs) that can be applied to metal-based GDLs
and to study their impact on the roundtrip efficiency (i.e., both
FC and EC mode performance). MPLs can serve three vital roles
in a URFC, namely, reducing contact resistance, providing
effective water management, and hindering the loss of the
catalyst layer.29

Selecting a GDL is challenging, because different GDL
thicknesses are ideal for FC mode and EC mode. The thickness
of the GDL can affect its mechanical properties and thus its
16850 | RSC Adv., 2020, 10, 16844–16860
support for the membrane, which is of great importance in
URFCs. The thickness also strongly affects water management
in the URFC. Thicker GDLs provide longer diffusion paths and
lower permeability; however, they are more affected by ooding
in FCmode and lead to higher thermal and electrical resistance.
On the other hand, thinner GDLs offer high electrical conduc-
tivity and are suitable for higher humidity and current densi-
ties. Thinner GDLs are preferred for lower current densities and
to maintain the hydration of the membrane.

Hwang et al.91 investigated the effects of the properties of
GDLs incorporating Ti on URFC performance. Fig. 4 shows SEM
images of GDLs with Ti ber and sintered Ti powder. Their
major objective was to understand the effect of the pores
between the bers. GDLs with larger pores can transport large
amounts of the reactants with higher humidity and improve
their distribution. Uneven pore diameter in the GDL improves
water management in FC mode. The Ti particles used for were
larger than the particles of the carbon support. The Ti coating
on the GDL forms an oxide layer on the surface, which increases
contact resistance and reduces performance. The use of
corrosion-resistant materials such as TiN might avoid this
problem; however, further investigation into the preparation
and characterization of these materials is required.

Recently, a bimodal pore size distribution was proposed to
improve the performance in FC mode.92 The effect of the
bimodal pore size on the collection and removal of liquid water
through the GDL was studied. The parts of the GDL consists of
small hydrophobic pores (which should be ideally as small as
possible) that are not lled with water and provide a pathway for
the reactant gases.93,94 A moderate pore size gradient was found
to benecial for the removal of excess product from the catalyst
layer. Sadeghifar et al.95 proposed an analytical model for the
prediction of the thermal contact resistance between brous
porous media and at surfaces that is applicable to FC mode.
However, this model did not take into account the effect on the
URFC performance or water management. Generally, GDLs are
subjected to pretreatment procedures or chemical modication
of their structure to improve the URFC performance and water
management. GDLs are commonly coated with Teon and
modied with an MPL on both sides. Most of these treatments
enhance the water removal ability of the GDL and its ability to
supply the reactants to the active area. Lettenmeier et al.96 found
This journal is © The Royal Society of Chemistry 2020
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that loading Ti particles on theMPL of GDLs improved ECmode
performance. Their research showed the MPL reduces mass
transport limitation and achieved higher current densities.
Water management at the higher densities of the EC mode
improved; however, lower porosity was required close to the
ow eld and larger porosity was required for the effective
removal of O2.

Overall, the round-trip efficiency of a URFC can be improved
by improving the properties of the GDL. The porosity and ber
diameter of the GDL have a signicant inuence in both EC and
FC mode. Treatments such as PTFE coating, Ti powder loading,
and Pt coating of the GDL and the MPL signicantly enhance
the performance of the URFC in FC mode.97 However, the
relationship between the properties of the GDLs, such as their
permeability, diffusivity, and electrical and thermal conductiv-
ities, and their effects on URFC performance in EC and FC
mode still need to be evaluated.
4.3 Design of ow channel

The bipolar plates in URFCs act as separators and current
collectors, and promote even distribution of the reactants.98

They also provide structural support to the URFC stack and aid
in heat and water management in the URFC. The bipolar plates
should exhibit corrosion resistance in the URFC environment,
low interfacial contact resistance (ICR), low surface energy, low
gas permeability, light weight, good mechanical strength, and
cost-effectiveness.99–101 As mentioned earlier, the ow channels
are built on the bipolar plates. The most common and widely
used layout for PEM-URFCs is the serpentine ow channel
design,102 as it provides good performance and durability.103 The
recent numerical modelling of serpentine ow elds has shown
considerable cross-ow leakage between adjacent channels due
to the pressure gradient along the channel direction. The design
of the ow channel, which is responsible for the better overall
cell performance achieved when using the serpentine ow
channels.

The ow eld is a factor that directly affects the water
management performance of the URFC.104 It is one of the
factors that inuences water ow and distribution during FC
mode and EC mode. Modication of the ow elds on the
bipolar plate (BPP) has been investigated to improve water
management.38,105 However, at current, only limited reports of
modication of the ow eld on the BPPs of URFCs are avail-
able. Research into the design of the ow channel has taken
into account the channel layout, conguration, cross-section,
and length and their effects on the water removal perfor-
mance and overall performance of the URFC. Experimental
results have demonstrated that using the serpentine ow
channel design, the water ooding phenomenon is effectively
prevented, and the cell performance is reliable and repeatable
under the same nominal operating conditions.106 In recent
years, some research groups have attempted to image water
transport within fuel cells.107 Weng et al. developed a trans-
parent proton exchange membrane fuel cell in order to visualize
the distribution of water and water ooding inside the cathode
gas channels. The potential of water electrolysis is usually in the
This journal is © The Royal Society of Chemistry 2020
range of 1.6–2.0 V (vs. NHE), and it is conducted in an O2

atmosphere and at a pH of 2–4. The type of ow in the channel
is another factor that determines the efficiency of the URFC.
Turbulent ow is favorable for mass and heat transport;
however, it leads to higher parasitic loss due to the high pres-
sure drop. On the other hand, a typical laminar ow is more
favorable for achieving sufficient mass transport of the reactant
gases into the electrode for FC and EC mode electrochemical
reactions under the most extreme fuel cell operating conditions
(high current densities). Thus, it important to design the ow
eld to achieve laminar ow of the anode and cathode reactant
gases.108 In ow eld design, the relative pressure drop of the
ow eld must also be considered so that water can evaporate
and be removed during gas purging. On the other hand, the
membrane should remain fully saturated during purging in
order to maintain its conductivity.

Another research group79 designed and tested innovative
ow channels in order to improve water management in
a PEMFC. Their design involved channels slanted 20� down-
ward to collect the liquid water that permeated from the GDL.
This modication the ow eld improved the hydration of the
membrane and the pressure difference between the anode and
cathode. In typical ow elds, the ow channels have rectan-
gular or square-shaped cross-sections. In their investigation,
the ow channel was modied into a slanted plate with trape-
zoidal grooves on the anode and cathode side. These slanted
plates collect the permeated gas from the gas diffusion layers.
The water is segregated into the bottom of the cell, and excess
water is removed from the GDL by gravity. Better water
management was achieved in certain orientations, i.e., an
upward-slanting orientation for the cathode and a downward-
slanting orientation for the anode. Downward-slanting chan-
nels at the anode side showed better performance than at the
cathode side. The downward-slanting orientation at the anode
increased the back-diffusion of water from the cathode to anode
without increasing the total pressure gradient between the
anode and cathode, which increased the hydration and thus the
conductivity of the membrane. The performance of the URFC
was improved by the downward-slanting orientation of the
channels at the anode under extremely wet conditions and
increased the power to a level comparable to that achieved
without the modied ow channels under less wet conditions.

The BPP must be anticorrosive for efficient operation. For
this reason, Ti is generally coated on the BPP to improve its
corrosion resistance and mechanical strength.105 However, Ti is
very passive and forms an oxide layer during electrolysis. This
oxide layer increases the ICR and thus lowers the overall
performance of the URFC. Recently, Jung et al.38 investigated the
performance of carbon-based bipolar plates in URFCs. They
also investigated the use of lms of the transitionmetals Au and
Pt on BPPs. They reported that the performance of the URFCs
was satisfactory; however, the electrochemical properties of the
coated materials were not reported.

In another study, BPPs were coated with a Ti–Ag lm using
pulsed bias arc ion plating technology109 and evaluated in
a URFC. This technique was expected to improve the interfacial
conductivity of the silver and of the modied BPP of the URFC.
RSC Adv., 2020, 10, 16844–16860 | 16851
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Pristine Ag-deposited Ti plates were used as reference materials.
The URFC environment was simulated for the investigation.
The treatment led to greatly improved performance, with ICR
values as low as 4.3 mU cm�2 at 0.14MPa. The simulated results
demonstrated anticorrosion properties even at high potential.
The contact angle between the Ti–Ag and Ti sample was 107�,
which is favorable for water management in the URFC. Thus,
Ti–Ag coatings are cost-effective and more environmentally
friendly. Ti coating improves interfacial conductivity, corrosion
resistance, and surface energy.105 However, its long-term
corrosion properties must be investigated for commercializa-
tion. Further improvements to its structure, design, and process
optimization are also required.

Mittelsteadt et al.110 developed composite plates for closed-
loop fuel cell/electrolyzer power systems to address the water
management issues. This novel BPP design avoids the need for
external humidication and water/gas separation. The research
group investigated a water permeable electrically conductive
plate (WPECP) composite bipolar plate for URFCs. The WPECP
exhibits higher electrical conductivity and water transport
properties and lower gas permeability. When placed together
with the separator plate, it forms an empty cavity. In EC mode,
water lls the cavity, which helps to cool the stacks, and also
acts as the reactant for the electrolysis operation. The water
travels across the WPECP via the water gravity gradient to act as
a reactant for electrolysis. In FC mode, the water produced as
a product is continuously removed from the cathode chamber
by a vacuum. The entire surface of the BPP helps to remove
water when the system is switched between EC and FC mode.
The FCmode allows the dead end H2 and O2 to feed. In this way,
it avoids the peristatic pump losses that are oen associated
with the removal of the product water in URFCs.

The performance of the URFC with the WPECP was tested at
80 �C. Fig. 5 shows a schematic of the URFC build used in
electrochemical testing (the top end plate is excluded on the
right). The electrolysis operation was carried out at a current
density of 400 mA cm�2, which is lower than that used during
normal electrolysis operation. At this current density, the PEM
dried out and was not able to carry oxygen to the electrode
quickly enough. Evidence of ooding was observed under FC
mode. The round-trip efficiency of the URFC was calculated at
300 mA cm�2 and found to be around 50%. Above this current
density, the FC was heavily ooded at the cathode.
Fig. 5 Schematic of the unitized regenerative fuel cell build used in
electrochemical testing (top end plate excluded at right).110 (This figure
has been adapted from ref. 110 with permission from the Electro-
chemical Society, copyright: 2005).

16852 | RSC Adv., 2020, 10, 16844–16860
This novel BPP design addresses water management, which
is a major challenge in unitized systems, and the ratio between
weight and volume allows an external stack to be avoided. It also
has the advantages of being able to use water vapor as a reactant
in EC mode and helping to protect from metal cation
contamination.
4.4 Water electro-osmotic pump

In addition to these major water management techniques,
several other methods have been used in PMFCs but not
URFCs.80 Since research and development into URFCs is still at
an early stage, water osmotic pumps have not yet been used in
URFCs. However, in order to reduce parasitic losses, an electro-
osmotic pump (EO) was implemented as a water management
system.

This technology avoids the high pressure gas purging
process by integrating a low-power pump to directly remove
water from the cathode channels and GDLs of PEMFCs.81 It is an
active water management system that uses a hydrophilic porous
cathode ow eld with an electro-osmotic water pump for the
removal of water, as shown in Fig. 6. The porous carbon cathode
ow eld is coupled with an electro-osmotic (EO) pump for
water removal from a 25 cm2 PEMFC. This system involves
pumping liquid water, which allows for low air ow rates, low
air pressure, and parallel cathode architectures. The relatively
low air ow rate leads to stable operation, which is an additional
benet of this method. The cell segmentation method was used
to nd the local current density of the PEMFC; this method-
ology can be used to reveal localized phenomena including
oxygen depletion at the cathode and ooding events. The
system was found to be consistently free of ooding even at an
extended current density operation range and air stoichiome-
tries as low as aair ¼ 1.3. The study revealed the mechanisms
and dynamics associated with EO pump-based recovery from
catastrophic ooding. The EO pump required <1% of power
consumption FC mode to recover from near-catastrophic
ooding.

Another method reported to improve water management is
coupling the EO pump with the cathode ow elds.111 In this
study, the machined cathode ow elds were thermally treated
to increase their hydrophilicity. This porous carbon layer was
placed on the non-porous plate, which exceeds out the MEA by 1
� 2 cm. This wick was coupled with a micro-osmotic pump. The
micro-osmotic pump was placed above the cathodic region in
the direction of the main peristaltic pump. The micro-osmotic
pump consisted of an acrylic frame, mesh platinum pump
anode, hydrophilic polyvinyl alcohol (PVA) lter component,
porous borosilicate glass frit, mesh platinum pump cathode,
and second acrylic frame.

In this system, the PVA links the porous carbon wick and the
lter component, which helps to isolate the pump, and serves as
a lter to prevent particles from entering. The electrodes are
attached to the lead by wire clamps. The acrylic frame provides
additional structural support to the MEA. During drying oper-
ation, water is removed from the cathode channel and GDL. A
vacuum is created by the pressure differential generated by the
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Exploded assembly view of the water management system on the (a) cathode-side featuring an EO pump, and (b) a schematic of water
flow through the porous carbon wick to the EO pump.80 (This figure has been adapted from ref. 89 with permission from the Elsevier, copyright:
2007).
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EO pump. This vacuum removes the water from the fuel cell
wicks; this water is pumped out by the external electro-osmotic
pump. Segmentation techniques have been developed to eval-
uate the effects of gas evolution and mass transport losses by
current mapping. The examination of partial MEA, sub-cells,
and current mapping using segmentation was rst developed
by Stumper et al.112 This segmentation technology was adopted
for the examination of the water management system. A printed
circuit board was segmented between the anode circuit ow
eld and the current collector. An integrated system was used to
link the electro-osmotic pump and the hydrophilic porous
carbon ow eld. The authors found that the ooding-free
operation enabled the use of parallel cathode ow channels at
lower concentration. In addition, water transport in the wick
and pump system were examined by studying the steady-state
and transient current densities in nine segments, and no
evidence of ooding was found using the EO pump.
This journal is © The Royal Society of Chemistry 2020
As ooding results in non-uniform ow, it produces an
averaged current density. It was identied by determining
which cell had the best performance in a partially ooded
condition due to the fact that ooding losses intensify moving
downstream. The inner channel showed better performance
than the outer channels due to the thermal gradient of the
plane, which increases the vapor pressure of the interior
channels.
4.5 Hydrogen absorbing storage system

Coupling of a hydrogen storage system to the URFC is another
potential method of water management. In URFCs, the
hydrogen produced in ECmode is typically stored in an external
medium, such as a storage tank, metal hydride, or LOHC. The
need for gases to exit and enter the system complicates water
management. Thus, Andrews et al.113 attempted to design
a URFC with an integrated hydrogen storage system to avoid the
RSC Adv., 2020, 10, 16844–16860 | 16853
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Fig. 8 Photograph of the hydrogen- and oxygen-side end plates of
the modified URFC.114 (This figure has been adapted from ref. 114).

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

6:
26

:3
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
need to introduce or remove hydrogen from the URFC. The
hydrogen produced by the electrolyzer was stored in ionic form
for use as a reactant for the fuel cell. However, the selection of
a suitable storage material proved to be a bottleneck in this
investigation; the development of a carbon storagematerial that
could electrochemically store hydrogen would be useful. Acti-
vated carbon and a Naon polymer composite storage electrode
was selected. A special URFC with integrated solid-state
hydrogen storage was designed. The initial goal was to deter-
mine the feasibility of hydrogen storage electrode as a proof-of-
concept.114 The fabrication of URFC and the ow elds for the
water transport showed in the Fig. 7 and 8.

Before testing the device in a URFC, the composite material
was scaled up and evaluated at different humidity levels to test
the proton ow concept. The conductivity of the fully hydrated
activated carbon and Naon membrane was found to be in the
range 0.04–0.11 S cm�1, which is considered to be a high value
for proton conductivity. The high conductivity was attributed to
the high water uptake of the composite material. The proton
conductivity was found to increase with increasing relative
humidity. The electron conductivity was found to be 0.5–
2.3 S cm�1, demonstrating that this composite material can
conduct both protons and electrons at the same time.

The electrode discharge value of the URFC with the storage
electrode was found to be 0.67 mA h. It is relevant that at only
0.0002 wt% of hydrogen storage, this value is signicantly to
lower than that of other methods. The experiment was con-
ducted using an hour of charge and discharge. During charging
(electrolysis mode), the URFC was connected to a DC power
source. Likewise, while discharging (fuel cell mode) the URFC
was connected to an electrical load. Due to the chemical
potential, the hydrogen bonds between the hydrogen atoms and
the storage medium were broken, and the hydrogen was
removed from the storage medium. During the HRR, the plat-
inum black catalyst breaks the hydrogen atom down into H+

ions and electrons. The hydrogen ions travel towards the oxygen
side through the PEM, and the electrons are transferred
through electrical circuit, respectively, where they react with the
oxygen produced during charging to reform water. The weight
of the produced oxygen and hydrogen and the charging and
discharging capacity in mA h g�1 were recorded and used to
calculate the electrochemical hydrogen storage capacity of the
fabricated MWCNT electrode.

Andrews et al.113 conrmed that the hydrogen can be stored
in MWCNTs using the concept of a “proton battery”. The
MWCNTs had a charging capacity of 670 mA h g�1 and the
Fig. 7 (a) Prepared multi-walled carbon nanotube electrode; (b) 3D
mold used for fabrication of the electrode.114 (This figure has been
adapted from ref. 114).

16854 | RSC Adv., 2020, 10, 16844–16860
discharge capacity was found to be 661 mA h g�1. The equiva-
lent storage capacities are 2.47 wt% and 2.45 wt%. However, the
carbon cloth used as the GDL for the cathode and anode was
found to be damaged by oxidation due to the fact that the
carbon begins to oxidize at around 1.2 V. Thus, it is recom-
mended to use porous titanium felt/frit as the anode GDL on the
oxygen side.
5. Proposed novel hybrid AEM-URFC

Recently, water splitting via a novel two-step electrochemical
cycle was developed by several researchers.115,116 The half-cell
reactions of water electrolysis, i.e., the OER and HER, were
divided into two different reactions using a 3D intermediate
electrode. A single electrochemical cell was divided by the 3D
intermediate electrode, which acts as a cathode for the OER
reaction and anode for HER reaction. The two-step reaction
system drastically reduces the ohmic potential. In 3D particle
electrodes, the reactions take place at the solid/liquid and solid/
gas phase boundaries.117 This novel system has an intermediate
electrode located between the positive and negative electrodes.
The oxygen and hydrogen gas are generated separately through
two electrochemical cycles in different chambers.

In proposing a novel URFC design, we adopted this tech-
nology to avoid water management issues in the URFC. In
addition to this, we propose the use an anion exchange
membrane rather than a conventional (PEM) in the URFC.
Tremendous efforts have been made to develop anion exchange
membranes for EC and FC operation in order to replace the
expensive platinum catalyst with a non-precious metal cata-
lyst.118 For this reason, our design uses a novel 3D bi-GDL as an
intermediate electrode and a pair of anion exchange
membranes (AEM) instead of the conventional PEM.

Our advanced novel bipolar GDL-assisted hybrid two step
hybrid AEM-URFC design for research and development is
shown schematically in Fig. 9. In this advanced URFC, the EC
and FC compartments are separated as in a RFC. The electro-
lyzer and fuel cell chambers are separated by the bipolar GDL.
However, the two units are connected by a single bipolar GDL.
The bipolar GDL can act as a cathode for electrolysis and an
anode for fuel cell operation. An intermittent current collector
can be used to supply electricity to the electrolyzer and load to
the fuel cell.

In EC mode, the OER and HER take place in the electrolyzer;
likewise, in FC mode the ORR and HRR reaction take place in
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Schematic of the proposed novel hybrid AEM-URFC.
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the fuel cell. This electrochemical device is divided into two
separate chambers: the anode GDL membrane and bipolar GDL
make up one unit, and the bipolar GDL, membrane, and
cathode GDL constitute the other.

Because the EC and the FC operations are carried out in
separate chambers, this hybrid URFC design eliminates the
need for complicated switching between the EC and FC modes.
Unlike in the conventional URFC, no reactant or product
changes occur. Since the reactants and products are in separate
chambers, there is no possibility of their cross-contamination.
Purging is not required, which consequently avoids side
effects such as dehydration of the membrane. The operating
conditions of the EC and FC are different and can thus be easily
achieved. Additionally, the simplied design of the hybrid
URFC is more compact than that of the conventional DRFC.
Fig. 10 Prototype proposed hybrid AEM-based passive unitized regener

This journal is © The Royal Society of Chemistry 2020
An even greater advantage of this technology is that a Ti GDL
can be used for electrolysis on the anode side, avoiding carbon
corrosion on the bipolar ow eld plates, while a carbon bipolar
plate can be used for the HRR and ORR. Thus, in this URFC
design, in the electrolysis section, Ti can be used as the anode
GDL, and the ow eld can be located on the fuel cell/ORR side.
Hence, a graphite bipolar material can be used on the mounted
ow eld, providing efficient operation.

The URFC reactions could be carried out in two different
ways, i.e., separated and simultaneous operation. We suggest
that when the sunlight is available, simultaneous operation
could be used. The hydrogen produced from the electrolysis
reaction could then be partially stored in a hydrogen tank and
partially supplied as a reactant to the fuel cell reaction. When
sunlight is not available due to cloudy weather or at nighttime,
the device could be operated as a fuel cell using the stored
hydrogen as a reactant.

The removal of hydrogen as a product and its supply to the
FC side as a reactant would be highly challenging. The advanced
design of the URFC provides a solution to this issue; the
hydrogen could be extracted from the middle of the device, as
shown in Fig. 10.

Another complication would be using the intermittent
current collector to supply electricity and electrical load to the
bipolar GDL and membrane. A rectangular surface could be
placed between the bi-GDL and fuel cell side membrane. This
would ensure that the current collector was in contact with the
bipolar GDL and not the membrane. This current collector
would be connected to a Ni wire through a hole.
6. Summary and challenges

Research and development of URFCs is still in its preliminary
stages. In this article, we have critically reviewed recent devel-
opments in water management techniques for PEM-based
URFCs (since 2011). We have presented an overview of the
state-of-art water management strategies developed by various
ative fuel cell.

RSC Adv., 2020, 10, 16844–16860 | 16855
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researchers, and the pros and cons associated with these
designs. Additionally, this review discussed conventional water
management techniques and their drawbacks. New technolo-
gies, such as the implementation of polymer wicks, WSSs,
modied GDLs, advanced sintered and mounted slanted ow
elds, and porous cathode ow elds for the storage of H2

inside the URFC. Some technologies that have been used in
PEM fuel cells but not URFCs, such as the use of an electro-
osmotic pump to remove water directly from the GDL, have
also been discussed. To date, the best round-trip efficiency was
found for a URFC in which a water-permeable electrically
conductive plate (WPECP) was used as the bipolar ow eld,
with a round-trip voltage efficiency of 50% at 300 mA cm�2. The
overall performance of this water management technology is
signicantly higher than that of other water management
technologies that have been reported.

Gas purging is essential for switching the URFC from EC
mode to FC mode and vice versa. The use of higher current
densities in EC mode increases the amount of residual water on
the hydrogen side, leading to a long purging time requirement
for high start-up current density in FC mode. However, this
reduces the performance of fuel cell operation. In conclusion,
mode switching signicantly affects the performance of both FC
and EC modes. The water distribution will always be uneven at
the beginning of electrolysis, so water starvation cannot be
completely eliminated.

In conventional URFC systems, the development of methods
to maintain the subtle equilibrium between the water ooding,
gas purging, and membrane dehydration will be crucial for
water management. However, this optimum balance depends
on the reactant stream humidication, ow eld layout, and
structural wetting properties of the GDL and MPL. Extensive
research has been carried out to eliminate the water manage-
ment issues, including visualization of the liquid water distri-
bution, prediction using numerical modelling, experimental
measurements, and optimization of strategies for water
management, including optimization of the operating condi-
tions, cell system design, and the structure and material of the
MEA. Polymer-wick-assisted URFC prototypes exhibited poor
water management due to insufficient removal of water from
the cathode due to the long transport length. The fabrication of
polymer wicks and WSS also require further improvement to
enhance water removal.

Several GDL designs for improved water management were
also studied. The major problem in this area is the corrosion of
the GDL due to its carbon-based layer. However, this can be
alleviated by selection of an alternative material for the GDL.
The use of a platinum gas diffusion layer would not only miti-
gate the corrosion of the GDL, but also help to improve the
hydrogen and oxygen dissociation rates during FC mode.

Switching from EC to FC mode in a URFC is a challenging
task, as the excess water must be removed by gas purging, but
the membrane must also remain hydrated. The properties of
the GDL, such as its porosity, thickness, and water vapor
diffusivity, affect the purging requirements in terms of the ow
eld and diffusivity. Little investigation of the role of the GDL
properties in gas purging has been reported; further
16856 | RSC Adv., 2020, 10, 16844–16860
investigation of the effect of the GDL properties on the purging
characteristics during mode switching is recommended.

Most investigation into water management techniques has
been carried out via experimental studies. Modelling and
simulation of the component, stack, and transport phenomena
of URFCs should be developed. This would improve the
understanding of the different components, operating condi-
tions, mechanisms of mass transport, and stack assembly, as
well as their effects on the overall performance of URFCs.

Dedicated studies are still needed in order to develop effec-
tive water management strategies in URFC in both EC and FC
mode. Systematic mathematical modelling and validation with
the experimental results should result in improved designs with
higher performance and lower cost.
7. Recommendations

Water management in URFCs is crucial, and it can be addressed
in various ways to improve the overall round trip efficiency.
Reducing parasitic power loss would reduce the cost and
improve the stability of the overall system. Strategies to prevent
water ooding should be developed, possibly involving the use
of advanced materials to design novel porous GDLs, bipolar
materials, and ow elds with individual channels for water
and gas transport. The design and development of a novel URFC
in which the reactants and products of the process do not need
to be changed would also represent a promising method to
completely eliminate the water ooding that plagues URFCs.

We recommend that further research into water manage-
ment should be focused within four primary areas:

Control of ooding and starvation
(1) A physical model for the role of the MPL with good water

pore and good agreement should be developed. Additionally,
the rheology of the ooding can be observed using environ-
mental scanning electron microscopy (ESEM).

(2) These techniques would allow pore-network analysis of
water transport in the GDL, which should help to demonstrate
the water transport behavior and the hydrophobic behavior.

(3) Minimizing the pore size of the MPL on the cathode layer
(CL) side reduces the saturation level of interfacial water drop-
lets, but complicates subsequent collection of the liquid water
from the CL. Thus, nding the optimum pore size is important.

(4) Application of a PTFE coating on the channel surface
could be applied to reduce the interface and as a way to increase
the liquid connectivity in the under-the-channel location.

Mode switching of between fuel cell and electrolysis operation
(1) In the beginning of electrolysis mode, a large inlet velocity

should be applied to enhance mass transfer and improve cell
performance. This large inlet velocity increases the amount of
water available as a reactant and prevents water starvation at the
oxygen catalyst layer. Thus, the performance of the electrolysis
cell will be improved.

(2) The amount of water that should be pumped into the
oxygen ow channel prior to EC operation decreases with
increasing current density. Thus, in EC mode, a stable ow of
water should be pumped into the oxygen channels.
This journal is © The Royal Society of Chemistry 2020
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(3) We recommend the application of pre-reactant switching
to consume the water retained at the end of electrolysis mode by
providing sufficient time between the reactant and current
transitions, which may lead to smooth mode switching at low
current densities. Increasing the oxygen ow rate also favors
smooth startup of FC mode.

(4) The interval between FC and EC operation should be
long, with a voltage increase before the electricity supply to
consume the residual water. This method is more suitable for
low-current-density FC mode startup, rather than high current
density.

Improvement of existing polymer wick, GDL, and ow eld
designs

(1) Polymer wicks could be enhanced by using porous poly-
mer fabrication and optimization of their design. So bake
parameters, as well as mold-release strategies applicable to
ultra-photoresist structures, should be developed and utilized.
Prior to fabrication, the use of a semi-analytical model for
numerical simulation is preferred, as is a short transport
length.

(2) The water management of the URFC may be improved by
improving physical properties of GDL. It is worth to nd out
advancedmaterial and compositions for the micro porous layer.
The metal based GDL has an impact on the round trip effi-
ciency. Development of mathematical modelling with good
agreement with the experimental round trip efficiency.

(3) Advanced materials and composition for MPLs that could
be applied to metal-based GDLs should be developed, and their
impact on the roundtrip efficiency should be studied. When Ti
is used on the GDL, it formed an oxide layer at the surface,
which increased the contact resistance and thus reduced the
overall performance. Materials that are suitable for EC and FC
operation, such as TiN, should be developed.80

Additionally, our novel URFC design eliminates the
conventional product and reactant change of the URFC. Since
the EC and FC half-reactions take place in different chambers,
mode switching is not required. Different operating conditions
favorable to the EC and FC could be applied in the respective
chambers.

The performance of the URFC depends on water manage-
ment in EC and FC mode. Electrochemical compression is
another factor that affects the water management and water and
gas balance; this could be improved by optimizing the compo-
nent, cell, and stack design for high pressure operation;
improvement of the membrane properties would be especially
useful in this regard. In parallel to controlling ooding and
membrane dehydration, the development of GDL components,
advanced ow eld design, improved switching operation, and
novel URFCs with separate reaction chambers for EC and FC
operation should be investigated.

Abbreviations
AEM
This journal is ©
Anion exchange membrane

BPP
 Bipolar plate

EC
 Electrolysis
The Royal Society of Chemistry 2020
EO
 Electroosmotic pump

ESEM
 Environmental scanning electron microscope

FC
 Fuel cell

FFP
 Flow eld plate

GDL
 Gas diffusion electrode

HER
 Hydrogen evolution reaction

ICR
 Interfacial contact resistance

MEA
 Membrane electrode assembly

MPL
 Micro porous layer

OER
 Oxygen evolution reaction

MWCNT
 Multi wall carbon nanotube

ORR
 Oxygen reduction reaction

PEM
 Proton exchange membrane

PEMFC
 Proton exchange membrane fuel cell

PVA
 Polyvinyl alcohol

RFC
 Regenerative fuel cell

URFC
 Unitized regenerative fuel cell

WSS
 Water storage system
Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was supported by the Brain Pool Fellowship
(2019H1D3A2A02102994) from the Human Resource Develop-
ment and partially by the Basic Science Research Program
through the National Research Foundation of Korea (NRF) from
the Ministry of Education (No. 2019R1I1A3A03050441).

References

1 N. L. Panwar, S. C. Kaushik and S. Kothari, Renewable
Sustainable Energy Rev., 2011, 1513–1524, DOI: 10.1016/
j.rser.2010.11.037.

2 V. Khare, S. Nema and P. Baredar, Renewable Sustainable
Energy Rev., 2016, 23–33, DOI: 10.1016/j.rser.2015.12.223.

3 P. Nema, R. K. Nema and S. Rangnekar, Renewable
Sustainable Energy Rev., 2009, 2096–2103, DOI: 10.1016/
j.rser.2008.10.006.

4 P. E. Bett and H. E. Thornton, Renewable Energy, 2016, 96–
110, DOI: 10.1016/j.renene.2015.10.006.

5 N. Armaroli and V. Balzani, Energy Environ. Sci., 2011, 3193–
3222, DOI: 10.1039/C1EE01249E.
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