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Abstract
Proton-exchange-membrane unitized regenerative fuel cell
(PEM-URFC) is a promising energy storage and conversion
device for large-scale and long-term applications. Previous
research has primarily focused on materials development
studies, with performance and durability not evaluated at
relevant conditions. Such an approach becomes insufficient for
making URFC technology commercially competitive. In this
review, we highlight recent progress on high-performing PEM-
URFCs, focusing on electrode engineering, key components,
and operating approaches that take realistic operating condi-
tions into consideration. Key components of a membrane
electrode assembly (MEA), including catalyst layer, diffusion
media, and membrane, which require different optimization
strategies, are discussed in this review.
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Introduction
The proton-exchange-membrane regenerative fuel cell
(PEM-RFC) is an energy conversion and storage
device, which stores electrical energy in the form of H2

and O2 gas by splitting water through the oxygen evo-
lution reaction (OER) and the hydrogen evolution
reaction (HER) during charging, and regenerates
electricity from the stored H2 and O2 gas by reforming
www.sciencedirect.com
water through the oxygen reduction reaction (ORR)
and the hydrogen oxidation reaction (HOR) during
discharging. This process can be achieved by inte-
grating two distinct compartments: a water electrolyzer
(WE) unit for charging and a fuel cell (FC) unit for

discharging. A compact design of RFC is the unitized
regenerative fuel cell (URFC), which combines the
discrete WE and FC into a single device and offers
capital cost reduction.

The development of PEM-URFCs can be traced back to
the early 1970s [1,2], for niche applications such as
aerospace, aviation, or unmanned vehicle [3]. Nowa-
days, due to environmental concerns, a growing trend of
utilizing renewable energy such as solar and wind to
decarbonize various sectors has been observed world-

wide. However, due to the intrinsic intermittency, it is
extremely challenging to rely on very high shares of wind
or solar to achieve deep decarbonization. The PEM-
URFC offers a practical solution to managing these
intermittent and variable energy sources owing to its
high scale-up efficiency benefited from the decoupled
energy storage capacity and rated power, long cycle life,
low weight and volume, and significant advantages in
specific energy [4]. However, PEM-URFC remains less
commercially competitive compared to other energy
storage solutions, limited by its low round-trip efficiency

(RTE) and durability. The RTE is a widely used crite-
rion to evaluate the performance of energy conversion
and storage device, which is defined as the percentage of
the amount of energy that can be recovered (discharg-
ing) relative to the energy stored (charging). Specifically
for URFC, RTE can be calculated as the product of WE
mode voltage efficiency and FC mode efficiency (effi-
ciency loss from H2 crossover is not considered, detailed
calculation can refer to the supplementary material of
Ref. [5]). Development of PEM-URFC technology has
mainly focused on advancing the bifunctional perfor-

mance of cell materials; however, most reported RTEs
are less than 50% at low currents, which falls short of
widespread commercialization criteria such as lithium-
ion batteries, whose RTEs can reach >90%. In recent
years, breakthroughs in PEM-URFC design are achieved
by optimizations at the cell level rather than materials
innovation, including electrode design, cell assembly,
and operating strategies [5e7]. In this review, we will
Current Opinion in Electrochemistry 2023, 40:101340
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address the recent progress made in PEM-URFC tech-
nology through these approaches.

PEM-URFC components and operation
modes
The membrane electrode assembly (MEA) in a PEM-
URFC device is more similar to WE rather than FC.
Unlike the carbon-based materials used in both elec-
trodes in FC, materials such as Ti, Ir, Ru, and their
oxides are required for OER electrode to avoid fast
degradation during WE operation [8e10]. Convention-
ally, URFCs are often operated in constant-gas (CG)

mode where ORR and OER share one electrode and
HER and HOR share the other electrode (Figure 1a).
Such operating mode leads to the disadvantage that the
two performance-determinative reactions, ORR and
OER, occur at the same side, which restricts perfor-
mance and durability. An alternative operating mode is
the constant-electrode (CE) where ORR and HER
Figure 1

Schematic illustration of PEM-URFC operated with (a) CG configuratio
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share one electrode and OER and HOR share the other
electrode (Figure 1b). Regmi and coworkers suggest
that URFC operating in CE configuration significantly
improves the performance compared to CG configura-
tion, which also offsets the expense of N2-purge
required for CE operation, leading to a lower levelized
cost of storage (LCOS) from a cost analysis assuming
equivalent daily duty and lifetime [6]. Better CE-

configuration performances over CG are also reported
by Peng et al. [5] and Ahyoun et al. [11]. CE mode
operation allows ORR to occur at the carbon-based
electrode with the preferred structure and thus
reducing the mass transport resistance [5]. This opera-
tion strategy avoids major challenges in developing
bifunctional oxygen electrodes that CG mode operation
encounters. Potential drawbacks of CE operation in-
cludes safety concerns due to possible H2 and O2

mixing [6], and durability issues due to the broader
operating potential window for each electrode.
n and (b) CE configuration. Adapted with permission from Ref. [5].

www.sciencedirect.com
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However, the notable efficiency improvement achieved
by simply switching from CG to CE operation makes it a
promising research direction for PEM-URFC design.
Regular reporting of PEM-URFC performance and
durability in both CG and CE modes is something re-
searchers should consider in this field.

Bifunctional catalysts and bifunctional
electrodes
Previous efforts for PEM-URFC have been mostly
focused on bifunctional OER/ORR catalyst
development [12e19]. To enable OER and ORR at the
same electrode during CG operation, Pt, Ir, Ru, and
their oxides are typically alloyed to improve the
bifunctional kinetics and maintain stability. Recent re-
ports include exploration of the catalyst composi-
tion [17], catalyst morphology control [13,18], alloy

stoichiometric number [14e16], and catalyst support
[12,19,20]. The kinetic properties of bifunctional cata-
lysts are the main focus of improvement; for example,
electrochemical performance is either evaluated by a
rotating disk electrode (RDE) system or MEA at low
current densities (<0.5 A/cm2) [21e25]. However,
there have been very few catalyst studies that turn into
significant advancements for PEM-URFCs.

The catalyst layer plays a vital role in mass transport,
water management, and catalyst utilization besides
Figure 2

Charging and discharging polarization curves under CE and CG mode with H
different fabrication methods. RTEs are illustrated for performance compariso
configuration operation. Pt-Ir electrode using ultrasonic spray coating with c) C
with corresponding color codes. e) Comparison of RTEs at 1000 mA/cm2 extra
with the doctor blading method leads to higher RTEs compared to the ultraso
interpretation of the references to colour in this figure legend, the reader is re
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governing the kinetics, which affects URFC perfor-
mance across a wide range of operating condi-
tions [5,26]. Quite frankly, developing a bifunctional
OER/ORR catalyst is not necessary as physically mixing
two active OER and ORR to achieve the bifunctional
catalyst layer is probably more efficient. Thus, opti-
mizing a bifunctional electrode with performance eval-
uated at realistic operating conditions is more

informative for guiding high-performance PEM-URFC
design. Kú�s and colleagues report RTEs of 31.8% at 1 A/
cm2 under CE operation using a sandwich-like thin-film
TiC-supported Pt-Ir electrode synthesized via magne-
tron sputtering [27]. Peng et al. point out that rather
than the intrinsic catalyst activity, the low RTEs are
likely attributed to the severe mass transport resistance
and low utilization of catalysts induced by fabrication-
dependent catalyst layer structure, especially at low
catalyst loading [5]. Two types of catalyst-coated
membrane (CCM) are fabricated by mixing Pt black and

Ir black using ultrasonic spray coating and doctor blading
approaches with related ink recipes. The doctor blading
method achieves enhanced cell performance, reaching
RTEs of 56.4% and 52.3% under CE operation, 53.6%
and 51.1% at 1 A/cm2 under CG operation with H2/O2

and H2/air feeds, respectively (Figure 2). These studies
indicate that electrodes with high porosity and low
tortuosity are the preferred design for PEM-URFCs. For
PEM-URFC under CEmode, we believe that the design
2/O2 and H2/Air feeds in PEM-URFCs using bifunctional electrodes with
n. Pt-Ir electrode using doctor blading method with a) CE and b) CG
E and d) CG configuration operation. RTEs are shown as scattered points
cted from a) to d) under different operating conditions. Electrode fabricated
nic spray coating method. Adapted with permission from Ref. [5,27]. (For
ferred to the Web version of this article.)
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principle of OER/HOR and ORR/HER bifunctional
electrode can be conveniently learned from WE anode
and FC cathode studies respectively, as the electrode for
these two performance-determining reactions (OER
and ORR) can be optimized separately and the
hydrogen catalysis are typically less of a concern. The
ideal catalyst layer should be optimized not only in ki-
netics, but also catalyst utilization and mass transport,

and we encourage more research efforts focusing on
bifunctional electrode design using CE operating mode.
Besides, the durability of OER/HOR and ORR/HER
catalysts or electrodes needs to be designed to accom-
modate a wider range of operating potential under
CE mode.
Design of porous transport layers
The diffusion media is the core component that governs
the transport of the two-phase flow during both WE
(charging) and FC (discharging) operations. Titanium-
based porous transport layers (Ti PTLs) are typically
used in charging to avoid fast corrosion. The hydrophilic
nature of PTLs ensures water supply during charging,
however, makes it less favorable for water removal and
gas transport during discharging especially under CG

mode. Tunning the hydrophobicity of PTLs to balance
charging and discharging can be critical for high RTEs.
Relevant research includes using polytetrafluoro-
ethylene (PTFE) coating to render the hydrophobicity
of PTLs and exploring the optimal PTFE loading and
fabrication method. Omrani and Shabani have reviewed
related reports and indicated that the impacts of PTFE
coating parameters can be arbitrary [10]. They suggest
that optimal PTFE loading is dependent on operating
conditions and coating processes [28]. Lim et al. note
that although the addition of PTFE improved FC per-
formance, it inevitably sacrifices WE performance. In

their recent report, an amphiphilic Ti PTL is fabricated
by introducing alternative hydrophobic and hydrophilic
channels using a shadow mask pattering process with an
ultra-thin polydimethylsiloxane brush as the hydropho-
bic surface modifier [11]. The PEM-URFC perfor-
mance is improved by 4.3 times in FC mode (at 0.6 V)
and 1.9 times in WEmode (at 1.8 V) compared to using a
pristine PTL. Zhang et al. test PEM-URFC using a
hybrid wettability carbon-based GDL with alternative
hydrophobic and hydrophilic channels that integrated
with the flow channel of a bipolar plate, which achieves

better performance in both FC and WE operations
compared to using an untreated GDL [29].

In addition, the PTL structural properties such as
thickness, tortuosity, porosity, and pore size distribution
will be critical to PEM-URFC performance [30]. Park
et al. compare the PEM-URFC performance among
three commercial carbon-based GDL with thicknesses
ranging from 270 mm to 420 mm and demonstrate that
GDL with moderate thickness attains the highest
Current Opinion in Electrochemistry 2023, 40:101340
RTE [24]. Optimization of the corrosion-resistant Ti-
based PTLs using a similar approach can be promising to
advance PEM-URFC performance as well. PTLs are
available in various morphologies but are primarily
studied for WE systems to date (Figure 3). Further
research is desired to assess the bifunctionality of these
PTLs in a PEM-URFC. In-depth analysis of the effects
of structural properties of PTLs on PEM-URFC per-

formance will be valuable to offer insights in materials
design principles [31,32].
Membranes for PEM-URFCs
Membrane selection and design for a PEM-URFC is

similar to that of a WE where thicker membranes
(>120 mm) are necessary to ensure low gas crossover and
sufficient mechanical stability [34e37] while thinner
membranes (<30 mm) are preferred to minimize ohmic
loss during both FC and WE operation [38,39]. More-
over, similar to a WE device that high differential pres-
sure is applied to produce pressurized H2, such an
operating condition is likely to be encountered in PEM-
URFC charging mode, indicating the necessities to
evaluate gas crossover and mechanical stability under
differential pressure operations during PEM-URFC

membrane design. In general, the ideal membrane for
PEM-URFC should be thin and effectively confine gas
crossover for safe operation and high efficiency. How-
ever, thinner membranes tend to have higher gas
crossover. A potential solution is to modify thin mem-
branes by incorporating a gas recombination layer
(GRC), which typically contains a small amount of Pt or
PtCo particles, into the membrane to allow the
permeated H2 to react with O2 within the membrane.
This strategy has been studied in the WE system in
recent years as introduced by several reviews [40,41].
Integration methods include synthesizing a Pt-doped

membrane [42], adding a Pt recombination interlayer
between two membranes [43,44], and mixing the
recombination PtCo catalyst with anode catalyst ink to
obtain a recombination CCM [45,46]. Briguglio and
coworkers show that their GRC design effectively
minimizes H2 crossover under differential pressure of up
to 20 bar while using a relatively thin membrane of
90 mm [46]. However, to our knowledge that the po-
tential application of GRC has not been explored in any
PEM-URFC systems. In addition, membrane water
management becomes more challenging in PEM-URFC

as water must be drained when switching from WE to
FC mode while avoiding membrane dehydration at the
same time [30]. Fornaciari et al. propose a vapor-fed
PEM-URFC to mitigate the water management issues
during mode-switching [7]. Three membranes with the
same thickness but different equivalent weights (EW)
(NR212: EW1100, Aquivion E98-05S: EW980, Aquivion
E87-05S: EW870) are investigated. NR212 shows the
best performance in both WE and FC modes, which
contradicts the expectation that lower EW should
www.sciencedirect.com
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Figure 3

PTLs with different morphologies and their performances are measured in WE devices. a) 3D rendering from X-ray computed tomography (XCT) images
of five fiber PTLs labeled as 03–0.15, 05–0.15, 06–0.15, 10–0.25, and 05–0.125. Morphology properties are available in Ref. [31]. b) Polarization curves
measured from PEM water electrolyzers using PTLs in a). c) 3D rendering of fiber and sinter PTLs. Detailed structural characterizations are available in
Ref. [33]. Comparisons of polarization curves measured from PEM water electrolyzers using the fiber PTL and sinter PTL are studied with d) catalyst-
coated membrane (CCM) and e) gas diffusion electrode (GDE) under various catalyst loadings. Adapted with permission from Ref. [31,33].
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improve membrane hydration and higher protonic con-
ductivity. The authors suggest that the discrepancies
may arise from the membrane swelling effect and the
mass transport loss at the ionomer/membrane interface
for the Aquivion systems.

URFC durability evaluation
Typically, PEM-URFC durability is evaluated at the
component or materials level, with a primary focus on
catalyst degradation and carbon corrosion [20].
Common assessment criteria include comparing volt-
ages or RTEs at targeted current densities (usually
<0.5 A/cm2) after accelerated stress tests (ASTs)

cycles [18,24] and mode-switching (reversible opera-
tion) cycles [11,21,25,47] or evaluating catalyst
roughness [27] and dissolution rate [13] using cyclic
voltammetry measurements. However, with growing
interest in deploying PEM-URFC for large-scale ap-
plications such as grid balancing, it is essential to
demonstrate reliable operation under charge-discharge
operation at high current densities (�1.0 A/cm2) for
longer durations. Therefore, evaluating URFC dura-
bility at MEA level is more relevant. Li and coworkers
www.sciencedirect.com
perform multiple 6-h-discharging and 6-h-charging
cycles at 1 A/cm2 with CE operation for 132 h using an
MEA with carbon-based GDL (Figure 4a). The authors
identify the carbon corrosion of GDL as the main cause
of the increased ohmic and mass transport resis-

tance [48]. Regmi et al. show that the stability of their
MEA design can be maintained during 6 h of charging
at 1 A/cm2 followed by 4 h of discharging at 1 A/cm2,
which can be analogous to a one-day operation scenario
(Figure 4b) [21]. Peng et al. also conduct two longevity
tests with up to 600 h of continuous reversible opera-
tion to evaluate durability of their MEA design
(Figure 4ced) [5]. Future research in this field needs
to focus more on durability, and potentially even
demonstrate H2 production at elevated pressure during
charging. These are critical steps to bring PEM-URFC

technologies from laboratory research to markets for
long-duration energy storage applications. On the other
hand, research efforts are needed to design PEM-
URFC ASTs protocols for fast materials screening
(e.g., potential cycling for catalysts or electrodes) and
component durability studies (e.g., pressure cycling for
membranes). The correlation between ASTs and actual
Current Opinion in Electrochemistry 2023, 40:101340
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Figure 4

Durability test of PEM-URFCs: a) demonstration of a PEM-URFC operating in a duck-curve duty cycle in CE configuration with a balanced 1 A/cm2 charge
and subsequent discharge (air), b) PEM-URFC cell voltage at 1 A/cm2 during the cyclic experiment (red dotted line) and comparative experiment (black
dotted line), c) durability test of CE mode PEM-URFC with charge/discharge at 1 A/cm2, d) durability test of CG mode PEM-URFC with charge and
discharge conducted at 1 A/cm2 and 0.5 A/cm2, respectively. Adapted with permission from Ref. [5,6,48]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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URFC lifetime needs to be established for the fidelity
of ASTs protocols.

Conclusions and prospects
To fully unleash the potential of PEM-URFCs as a clean,
efficient, and reliable energy storage device for
prolonged usage at the grid level, it is imperative to
enhance cell performance at the electrode level while
considering practical operating conditions. Prospective
research efforts should involve optimizing each cell
component along with developing effective operating
strategies, such as using the CE configuration. New
bifunctional catalyst materials will certainly be neces-

sary to make future advances, but designing bifunctional
electrode structure is perhaps more efficient to improve
PEM-URFC performance and durability in the near
term. The development of porous transport layers and
membranes to balance both charging and discharging for
high RTEs is required and can be crucial for the design
of high-performing PEM-URFCs. We also recommend
Current Opinion in Electrochemistry 2023, 40:101340
that future studies evaluate cell performance at higher
current densities (beyond kinetics region) and carry out
durability tests under realistic operating conditions,
such as long-term reversible operation.
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