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Abstract

Electromembrane processes are a significant component of electrochemical technology. Now it is well accepted that the
performance and durability of proton exchange membrane fuel cells (PEMFCs) are inextricably linked to the buildup and
transit of water inside their porous components, notably the gas diffusion layer (GDL) and microporous layer. In this paper,
the electroosmotic drag in membranes and water management which is the chief difficulty facing the membrane are discussed

and a review of the mechanism of transport and membrane water transport with sorption/desorption are presented.

o
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Abbreviations: PEMFCS: Proton Exchange Membrane
Fuel Cells; GDL: Gas Diffusion Layer; EDL: Electrical Double
Layer; EOD: Electroosmotic Drag; ED: Electrodialysis; VRBs:
Vanadium Redox Batteries; EOPs: Electroosmotic Pumps;
PEM: Proton Exchange Membrane; TOD: Thermal Osmotic
Drag; BDWT: Diffusion Water Transfer; EW: Equivalent
Weight; FT-IR: Fourier Transform Infrared; DMFC: Direct
Methanol Fuel Cell; PEM: Polymer Electrolyte Membranes.

Introduction

Because of their high energy density at low operating
temperatures, quick start-up, and zero emissions, PEMFCs
are seen as a potential solution to environmental and energy
problems are expected to become the most promising
energy converters for automotive, stationary, and portable
applications shortly [1]. As a result, governments consider
PEMFCs as a feasible method to reduce greenhouse gas
emissions. Consequently, thermal and water management
must be optimized [2]. Thermal management is necessary to
remove heat from the membrane to prevent overheating and
dehydration. Water management is also critical. According to
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recent research, water management is essential to achieving
optimal performance and durability from PEMFCs [3]. On
the one hand, to maintain adequate proton conductivity
and performance, the relative humidity of the incoming
gases is kept high to keep the membrane well-hydrated [4].
Evaporation, water vapor diffusion, and capillary transport
mustbe used to remove the liquid water that has accumulated
in the flow channel or electrode pore. If the produced or
condensed water drops or the drained water increases, the
membrane may dry up, reducing fuel cell efficiency. In the
car fuel cell, frequent health flaws such as water flooding and
membrane drying that impact the stable operation and life
of the fuel cell develop readily [4]. As a result, understanding
the water transport pathways is critical for enhancing fuel
cell performance and durability. The effect of parallel flow
channels on water removal is subtle, although the pressure
loss is minimal. The serpentine flow channels offer a high
capacity for water removal and substantial pressure dips.
Although the interdigitated flow channels have a strong water
removal performance, the pressure loss is too considerable,
especially for the large-area PEMFC. Because of the necessity
of flow channel of water removal, serpentine flow channels
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are utilized to assure the fuel cell’s water removal capability.

The purpose of the present review is to summarize
the movement of water or other electroneutral solvents
through a membrane-associated with the moving of ions
under the influence of an electric field. In addition, water
transportation, mechanism of transport, and membrane
water transport with sorption/desorption are discussed.

Electroosmotic Drag in Membranes

Electroosmotic drag in membranes refers to the
movement of water or other electroneutral solvents through
a membrane associated with the movement of ions under the
influence of an electric field [5]. The flux of water typically
generates a difference between the water concentrations on
both sides of the membrane, resulting in the transportation
of water by diffusion portrayed as “back diffusion,” which
is directed from cathode to anode [6]. Some authors have
adapted the experimental conditions for reducing diffusion;
some consider diffusion in the model used for the analysis of
the experimental results; a pseudo-two-dimensional model
has been developed to separate diffusion and electro-osmosis
contribution to water transport through the membrane [7].

nwater=nd iA/F

When nd is the coefficient of electro-osmotic drag and
has the water molecules units per proton, this flux reduces as
hydration of the membrane decreases. This model of water
movement has been quantified extensively. Zawodzinsky,
et al. [8] tried to quantify and found that the membranes
were balanced between fluid and vapor. Others found the
electro-osmotic drag coefficient to raise the temperature and
decrease the membrane water content. You have created a
way for measuring (nd) operating a hydrogen-pumping cell.
Pivovar has provided a summary ofthe coefficient techniques.
Janssen et al examined the drag coefficient and their
relationships with density, temperature, pressure, and input
humidity. The effective drag coefficient. The main modes of
mass transport are generally believed to be diffusion and
electro-osmotic drag. However, Berning et al [9] concluded
that the membrane was attributable to diffusing alone in the
opinion of net water transfer.

The zeta potential of a membrane-electrolyte contact
usually creates an electrical double layer (EDL). When an
electrical field is supplied in an EDL to fluid, the ensuing
Coulomb force induces the net charge to move [10]. The ion
movement drags the solvent together, creating bulk fluid
movement because of dynamic transmission (viscous drag).
An external electrical field called this bulk liquid motion
electroosmosis and can occur in any net loading fluid, even
in membrane channels or membrane holes.
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In many membrane techniques, including Electroosmotic
drag (EOD), often called ‘water transport, one reason for
losing current density is the underlying process implicated
in solvent transport [11]. Electrodialysis (ED) has several
industrial applications, including chlorine production,
NaOH, other inorganic acids and bases EOD water in proton
exchange membranes, which leads to problems in water
management. Methanol EOD (DMFCs), leading to a methanol
overlay in direct methanol fuel cells. EODs can cause
vanadium crossover and capacity loss in vanadium redox
batteries (VRBs). EOD is used for flow or pressure generation
in electroosmotic pumps (EOPs) [12]. EOPs can help fuel
cell PEM hydration. EOD is a mechanism for anomalous flux
produced by the loaded membranes (e.g., NF membranes)
because of the axial rearrangement of the EDLs, because of
the preferential transition of one kind of loaded ion over
another.

The Coulomb force exerted by an electric field on the net
mobile electric charge in a solution causes electroosmotic
flow [13]. Because the chemical equilibrium between a
solid surface and an electrolyte solution usually results
in the interface gaining a net fixed electrical charge, an
electrical double layer or Debye layer occurs surrounding
the interface. The Coulomb force causes the net charge in
the electrical double layer to move when an electric field is
given to the fluid (typically via electrodes positioned at inlets
and outlets). Electroosmotic flow is the name given to the
resulting flow [14].

The plug flow is the outcome of applying a voltage. A plug
flow’s velocity profile is nearly flat, with minimal fluctuation
near the electric double layer, unlike a parabolic profile
flow created by a pressure differential [15]. This suggestion
has fewer harmful dispersive effects and can be managed
without valves, making it a high-performance approach for
fluid separation, albeit with many intricate considerations
that make control challenging. Because measuring and
monitoring flow in microfluidic channels is challenging
because of the flow pattern disrupted, most analysis is done
using numerical methods and simulation [16].

Electroosmotic flux through microchannel can be
described with the driving force arising from the electric
field and pressure difference following the Navier-Stokes’s
equation. It is therefore regulated by the equation of
continuity [17].

v.U =0

Linear momentum, often known as translational
momentum or simply momentum, is the product of an
object’s mass and velocity in Newtonian theory. It's a
two-dimensional vector quantity with a magnitude and a
direction. If an object’s mass is m and its velocity is v, then its
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momentum equals.

and momentum

DU
—=Vp+uVv 2U+pe Y|y + 9],
P =P H pe V(v +¢)

where U is the velocity vector, p is the density of the fluid, D/
Dt is the material derivative, 1 is the viscosity of the fluid, pe
is the electric charge density, ¢ is the applied electric field, 1
is the electric field due to the zeta potential at the walls and
p is the fluid pressure.

Laplace’s equation can describe the external electric field

Vf=10
where V2 is the Laplace operator
vy - —Pe
g0’
Where ¢ is the dielectric constant of the electrolyte solution
and €0 is the vacuum permittivity. This equation can be
further simplified using the Debye-Hiickel approximation

Yy =K'y,
where 1 / k is the Debye Length, used to describe the
characteristic thickness of the electric double layer.

Electroosmotic flow is used in microfluidic devices, soil
analysis and processing, and chemical analysis, all of which
involve highly charged surfaces, often oxides. Capillary
electrophoresis is an electric field to separate chemicals
according to their electrophoretic mobility [18]. The
electroosmotic flow affects the analytes’ elution time in
electrophoretic separations.

Electroosmotic flow is triggered in a Flow FET to control
fluid flux across a junction. Microfluidic devices that use
electroosmotic flow are expected to be used in medical
research in the future. The capacity to split fluids on an
atomic level will be a critical component for drug dischargers
once the management of this flow is better understood and
realized [19]. At the moment, mixing fluids at the micro-
size is hard. Small fluids are expected to be combined using
controlled fluids [20].

In fuel cells, electro-osmosis causes protons moving
through a proton exchange membrane (PEM) to drag water
molecules from one side (anode) to the other (cathode)
[21]. Ionomeric materials such as Nafion®, which are
perfluorinated sulphonic membranes, are employed in PEM
fuel cells. The existence of the negative sulphonic charges on
the wall surfaces of the nano-sized pores of the membrane
leads to the establishment of a concentration gradient of
protons leading to a potential distribution in the electrolyte
[22]. The electric double layer, or EDL, is the name given to
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this region. When exposed to the electrical field of a working
cell (for example, in the range of roughly 3000 V/m), a
considerable electrokinetic body force is generated, which
moves protons in the pores and drags water molecules
along the membrane with them. EOF is a phenomenon
that increases membrane resistance and reduces fuel cell
performance [23].

Water Transportation

Water management is the chief difficulty facing the
membrane. The failure in this context leads to durability
difficulties, water transportation in the stack, and thermal
management. Excessive water can lead to floods, while
water shortages can also lead to dryness. None of these are
acceptable since they influence PEM fuel cell performance on
the polarization curve [24].

If the fuel and oxidant are partially humidified, water
can enter the anode and cathode. Water is also created in the
cathode because of oxygen reduction. Water is transferred
acrossthemembraneintwoways: EOF and backdiffusionfrom
the cathode to the anode. Because EOF increases membrane
resistance and lowers fuel cell efficiency, determining and
managing the degree of EOF in the membrane is critical for
optimizing PEM fuel cell performance [25].

The qualities of various components, such as the gas
diffusion layer and bipolar plate, affect the gas structure
and water transport in a PEM fuel cell [26]. The generation
of water in the PEM fuel cell took place on the cathode
side because of the electrochemical reaction. It occurs
because protons drag water from the anode to the cathode
through the electrolyte. Water molecules produce clusters
or channels that protons can travel through vehicles and
mechanisms of Grotthuss [27]. That is why the proton
conductance of Nafion® depends substantially on its water
content, balanced by two techniques, concentration gradient
diffusion, and electroosmotic drag. Electro-osmotic drag and
back diffusion are the two main water transport methods
in PEM fuel cells, and this mechanism affects the hydration
state of an electrolyte membrane, which is critical for proton
conductivity to travel across it readily [28]. Other types of
water transport include thermal-osmotic drag and hydraulic
permeation, besides electro-osmotic drag and back diffusion
(Table 1). Electro-osmotic drag and back diffusion have
been the focus of recent research since they are the primary
sources of water flooding in fuel cells [29]. The impact of
thermal, osmotic drag on water management has received
little attention in the past, and water movement because
of temperature changes has only lately gained attention.
Temperature changes generated thermal osmotic drag
(TOD) in a fuel cell across the membrane. A temperature
differential occurs across the electrolyte membrane during
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fuel cell operation. The heat pipe effect is thought to be one
of the key mechanisms of TOD [28]. This heat pipe effect
exists in a PEM fuel cell at the catalyst layer and is caused
by the evaporation of water, which moves as vapor then
condenses down a path because temperature decrease is
given the temperature gradient in the cell. During the start-
up and shut-down of the fuel cell, this form of transportation
is critical. Protons migrate from the anode to the cathode
portion of the membrane, accompanied by water molecules.

Electro-osmotic drag is the process of water being dragged
across a membrane by protons [30]. [jaodola et al. [28]
used an electrophoresis method to estimate the electro-
osmotic drag coefficient across a Nafion membrane. The
water electro-osmotic drag coefficient within the Nafion
membrane depended on the water content of the membrane
and the counter-cation used [30]. The electro-osmotic drag
coefficient rose with increasing temperature between 200C
and 900C, according to Luo et al. [31].

Techniques Definitions References

. Water is transported from the anode to the cathode side of the membrane

Electroosmotic drag . [36]

because of proton transport through it.

Thermal osmotic drag The temperature gradient causes thermal osmosis of water flux. [37]
e Water travels from the cathode to the anode because of the concentration

Back diffusion , . [38]

gradient-driven flow.

Hvdraulic permeation Water is transported through the membrane because of a pressure gradient [39]

y p between the anode and cathode sides caused by gas or capillary pressure.

Table 1: Mechanisms of water transport in PEMFC.

The excess water generated in the cathode region diffuses
back to the anode region, resulting in back diffusion water
transfer (BDWT). Water diffuses back from the cathode along
with the membrane space in the fuel cell because of water
concentration gradients, and examinations on BDWT from the
cathode to the anode region have lately piqued interest [32].
The BDWT coefficient is determined by several parameters,
including the water concentration gradient, membrane
thickness, and pressure gradient through the membrane.
Water’s back diffusion coefficient has also been measured
in experimental tests [33]. Hydraulic permeation occurs in
a PEM fuel cell because of a pressure gradient between the
anode and cathode regions. The capillary pressure difference
or gas phase pressure differential leads to water fluxes in the
membrane [28,34]. According to Tamayol and Bahrami [35],
if the cells are pressurized independently so that the fuel gas
(anode) is supplied at a lower pressure than the oxidant gas
(cathode), water at the cathode can be reduced. We must
consider membrane mechanical strength when pressurizing
the anode and cathode regions differently.

The conductivity is very effective, significant for the
proton conductivity is Nafion® water, which generates a
swelling problem. Transporting water plays a key part in
Nafion’s performance and durability, and the equivalent
weight (EW) and the water content (A) are two primary
metrics for defining Nafion. EW is defined as dry Nafion
weight per SO,- mole and is inversely related to the fixed
charge density (S0,-) [36-40]. Depending on the production
method, the EW of Nafion® is determined and has a typical
value of 1100 g / mol-SO,. Nafion® absorbs more water with
alower EW and is greater than one with a higher EW proton
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conductivity. A is defined as the number of water molecules
per SO.- and most of the Nafion® properties vary depending
on the level of water. Diffusion of water molecules takes
place in the chemical potential or concentration with the
gradient present. By looking into the coefficient of self-
distribution [41], Dslef, and thermodynamic improvement
factor or Darken factor, the water diffusion coefficient can be
determined:

D = Dself dlnaw

In

D is chemical diffusion coefficient, which dictates
the net flux of water under the concentration gradient.
0 In aw / 0 In A is the Darken factor and can be evaluated
from the relationship between the activity of water and
the water content of Nafion® membranes or the data
on the equilibrium sorption of water as a function of the
activity. The Dself is associated with Nafion membranes
microstructure and fluctuates according to the water content
like proton conductivity, as the process of the auto-diffusion
of water is identical to the proton mechanism, which moves
with hydronium water molecules. Based on the approach to
free volume.

Dself = Dself ,0exp (—b_VpJ
1-Vp
Where Dself, 0 equal 2, 3x10° m2/s at 250C39 is the pure
water self-diffusion coefficient and b is a test data fit
parameter. Although Equation 10 properly anticipated that
the Dself log was proportional to the volume fractions ratio,
V / (1-Vp), the Dself estimate was not precise. That is because
the diffusion is not the same in all the water molecules (1-V)
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shown. The water molecules in a polymer matrix are strongly
linked to the ionic groups when the water content of Nafion®
is minimal and the mobility of these water molecules much
less than the molecules of free water.

A study examines what happens when the relative
moisture of the outer solvent is increased, and the range of
u is between three and five. If" is one to two, hydrogen bonds
are around 80% stronger in pure water. However, when more
water is added to counter-ion clusters, hydrogen bindings
are weaker as the geometry of the cluster does not allow
stronger bindings to develop. This includes further growth
of counter-ion clusters, whereas the overload (proton) is
movable across the whole cluster, as is evidenced by the
removal of hydronium bending strips and the emergence of
the bending water strip in Fourier transform infrared (FT-IR)
data [42]. Nafion membranes have examined the sorption of
water extensively, but other membranes, unfortunately, have
not been investigated so thoroughly [42]. However, similar
tendencies are anticipated for Nafion in other membranes
due to similarities between all membranes. The per capita
number of sorbed waters is often considered in the water
sorting behavior of PEMs. First, the scientists studied Nafion’s
behavior for p between one and two. It should be noted
that membrane anhydrate (u = 0) is not acquainted since
all water removal means a rise of membrane temperature
to the point of membrane disintegration. They consider
Nafion’s behavior in the range between one and two [43].
There is no typical anhydrous membrane shape (u = 0), as
eliminating all the water will cause raising the membrane
temperature to where the membrane will decompose.
Throughout a membrane that is not in contact with any
water vapor or water, liquid remains roughly one and a half
water per sulphonate head. As FT-IR studies suggest, the
first fluids sorbed by the membrane induce the sulfonate
heads to dissociate, resulting in creating hydronium ions.
Water that hydrates the membrane generates an ion
counter-cluster that works as nucleation sites at sulfonate
sites. With the hydrophobic character of the backbone and
the hydrophilic nature of the sulfonate head, it is plausible
to regard the sulfonate heads for all water molecules
sorbed by the membrane. In addition, the hydronium ion
is on the sulfonate heads, and the conductivity is low since
insufficient water has been absorbed to form a continuous
aquifer phase. The sulfonate groups separate from the size
of molecules to have approximated proportions. Also, on
an actual membrane, the distance between the heads of the
sulfonate is less in a sulfonate, and some transfer is possible
on the lower water content (~2) [44]. [f water content is one
to two, hydrogen bonds are around 80% stronger in pure
water. However, when more water is added to counter-ion
clusters, hydrogen bindings are weaker as the geometry of
the cluster does not allow stronger bindings to develop. This
includes further growth of counter-ion clusters, whereas
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the overload (proton) is movable across the whole cluster,
as is evidenced by the removal of hydronium bending strips
and the emergence of the bending water strip in FT-IR data.
They observed that when relative humidity is reduced from
around 60% (equivalent to around five water levels per head
of sulfonate), the conductivity falls by about two orders of
magnitude (13%), which corresponds to about two waters
per sulphonate head. For example, two orders of magnitude
conductivity change in the range of 2 to 5 water per sulfonate
head, while there is only one magnitude fluctuation in the
water contents between 5 and 15 water per sulfonate head
(responding to relative humidity in the range from 60% to
100%). The drastic change in conductivity of water content
between 2 and 5 shows the importance of the conductivity of
the membrane because creating a continuous phase.

Mechanism of Transport

An extra proton is often found in bulk water as one of
two structures, the first being a hydronium (H,0+), a proton
donor in the other three fluids that are tightly bound [45].

The hydronium'’s principal hydration shell is formed by
the three firmly bonded water, yielding an “Eigen” ion (H,0,)
+. When the diffusion coefficients of H,0 and H,0+ are the
same at Standard Temperature and Pressure conditions,
this phenomenon is known as vehicle diffusion, and it
contributes around 22% of total conductivity [46]. Two types
of domains can be identified in a hydrated acidic polymer, the
most frequently used ionomer material in PEM fuel cells, 1)
hydrophobic domains forming the backbone polymer, which
grants morphological constancy to the membrane, and 2)
hydrophilic domains allowing the conductions of proton
and comprising sulfonate groups (- SO,H) [47]. In addition,
a transitional region between hydrophobic and hydrophilic
areas has been observed because of the NafionTM side-chain
architecture. NafionTM, with its swelling characteristic, is
expected to conferin thisregion becauseithasbeen suggested
that a progressive side chain with an increasing water level
is developing [48]. Water content is perceived as hydration
of the SO, groups and can be linked to the expansion of the
nanochannels as the membrane becomes more hydrated and
increasing its conductivity [49].

The sources of water in PEMFC are fuel inlet gas
humidification, oxidant inlet gas humidification, and cell
electrochemical reactions. Cathode gas is the same as the
following equation:

in _ pSHt (7;111!") nin
P=Poe(Tm) ™

w_an/w—cat
As water supplied to the cells by humidifying the entry
anode. The value of this is proportional, with increasing
gas pressure, to the current density and stoichiometry.
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The electrochemical reactions in the cell create water in
proportion to the cell density per unit of time.

Har JA

n, :/IHZE and n™ =
: 2F " xo, 4F

_HA
nw_prod - ﬁ

For PEM fuel cell performance, water control is highly
critical. Water is driven from the anode side by electro-
osmosis by diffusion in the opposite direction. Water is
generated from the cathode; it leads to cathode flooding
more than water transport. If anode water loss is more than
water, the membrane dehydration results in considerable
ohmic losses. The conductivity of the electrolyte polymer
has a significant hydration and cathode flood function. The
inlet fuel and air streams are commonly saturated. The
water vapor increases along with the cathode because the
cathode is generated it and the electric osmosis is dragged
from anode to cathode. The addition of water from chemical
reaction and osmosis drag causes the cathode-side to over-
saturate because the inlet cathode stream is sterilized. The
cathode’s water exists, leading to flooding. Then proposed
that water content in the cathode intake stream be reduced

to prevent this phenomenon.

Many of the observations were made to explaining the
tendency of gases to absorb water into saturation [50]. The
anode gas exit was saturated except for a dry cathode anode
outlet. The efficient pull did not depend on the current
density considerably, and Darcy flow could describe the
effect of a pressure differential across the membrane rather
than the changes in the gas moisture. The moisture of the
incoming gases was also very sensitive to cell efficiency [50].
Cathode-side drying events have been far more damaging to
cellular performance than on the anode-side, which shows
that the rise in activation losses is much higher than the
increase in membrane strength. Dryness depended on the
substance of the cathode electrode. In many circumstances,
it has been found that it might prevent the cathode from
drying by increasing the water in the anode gas, which can
be effective if the refurbished gas is used for fuel. Janssen
and Overvelde, [51] revealed that water management in
PEMFCs needs to be contemplated when operating in stacks
where circumstances are not always well controlled (Figure
1). In addition, the response to a change in water transport
conditions depends on the composition of the MEA.

Figure 1: Water management in PEMFC.

A theoretical seven-layer model including inputs of
the anode and cathode channels, anode and cathode gases,
catalyst layers, and the proton-exchange membrane 117 of
the nation is proposed [52]. The results revealed that the
resistance of ionic membranes declines and the voltage
increases as membrane thickness lowers. Both the volume
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of membrane water and the probability of cathode flooding
with a thin membrane rise (about 0.015 mm) [52]. The lowest
membrane resistance happens with high stoichiometry
hydrogen that provides a high voltage at a particular current
density. The water towards the membrane/anode interface
increases by using a high porosity of the gas diffusion layer (¢
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1/4 0.4), and this prevents anode dehydration and prevents
cathode electrode flooding [52]. Cathode electrode water
concentration increases with increased current density.
So, water vapor is a problem for the blocking gas diffusion
layer and catalyst layer. It also reduces the transportation
of oxygen. Therefore, the membrane may be preserved
in the proper humidity and condition when relative
humidity is dropped to about 80 percent. Also, The study
of Rakhshanpouri & Rowshanzamir, [52] has demonstrated
that water management and efficiency are adjusted with a
reduction of relative cathode gas humidity to 60%, relative
moisture of anode gas to 80% with hydrogen stoichiometry
equal to 4, and oxygen stoichiometry equal to 6.

Reid has invented a method for measuring water
transit within a PEFC in real-time [53]. For the continuous
stoichiometry flow, the real-time behavior of net water drag
(NWD) was investigated. NWD increased slightly at 50/0
percent RH, increased smoothly to 50/50 percent RH and
increased slightly at 0/50 percent RH because of changes
in PCI and high current densities of electro-osmotic drag-
overloading back diffusion. The response time of NRW was
also measured, and the response time of NRW to step-changes
in current density was lowered substantially by ~200 seconds
at 0.2 A/cm? and by ~10 seconds at 1.4 A/cm?, particularly
for RH 0/50%. As the cause for the shorter response times
was the increased vapor-phase diffusion accompanied by
higher electroosmotic drag at higher currents. Besides,
the implements of asymmetric microporous layer (MPL)
conditions on water transport to the cathode flow channels
were investigated. A thicker MPL is added to the cathode,
which results in a higher heat pipe efficiency and a higher
PCI flow, while a thicker MPL is added to an anode, which
lowers the temperature gradient across the MEA. While both
asymmetric units improved the effect of NWD, the cathode
effects of a thick MPL were greater than those of the thicker
MPL on the anode. Based on these findings, he hypothesized
the primary mechanism of water transportation in fuel cells
to be diffusion through the cathode MPL layer.

We can calculate the rate at which water is created. It
depends on the actual density (A/cm?) and the constant
Faraday (F). The mols-1cm-2 is its unit. Current density
and Faraday constants depend on water production.
There is a linear link between electroosmotic drag and
water production. The consequences of water affected
fuel cells on membranes. Roy et al. examined the effect
of its chemical structure and its composition and found
that there was a strong association among different water
kinds’ morphologies, constructions, and makes up. It helps
to determine the connection between it and other fuel cell
materials and components. External humidification devices
or massive blowers are frequently required for proper water
management to remove excess water that is detrimental to
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efficiency and increases the volume of the fuel cell system.
In addition, the fuel cell's working temperature is kept
below -80 C to prevent excessive water evaporation from
the membrane. One answer to this problem is to create
a new proton exchange membrane that can work at a
higher temperature without relying on the humidity in the
surroundings to maintain proton conductivity.

It’s vital to maintain a good water balance like the polymer
electrolyte is hydrated for sufficient proton conductivity
while avoiding cathode flooding and anode dehydration for
maximum fuel cell efficiency. Electro-osmotic drag (EOD) of
water containing protons from the anode to the cathode, and
diffusion because of the concentration gradient, transport
water across the membrane. The oxygen reduction activity
at the cathode provides an additional supply of water. Water
builds up at the cathode because of both EOD and water
production [54].

Many experimental data regarding water transport
in proton exchange membranes (PEM), such as Janssen's
net drag coefficients, have been published in the literature.
The humidity of the inlet gas was limited to a dry or wet
condition, although their research was focused on the
influence of humidity. Ren et al. published water electro-
osmotic drag measurements for a PEM in a direct methanol
fuel cell (DMFC) [55]. The studies were carried out on the
assumption that the electro-osmotic drag was the sole source
of water flux over the membrane. In co-flow settings, with a
single Serpentine flow channel, Dong et al [27]. Presented
current differentiation, distribution of species, and high-
frequency resistance data. Experimental data suggest that
anode moisturization was an essential aspect for achieving
excellent performance in the incoming region rather than the
cathode. In the co-flow setup, Nguyen created a combined
heat and mass transmission model, provided that all water
is in the vapor phase in the electrodes. Janssen introduced
a two-phase, two-dimensional model along the channel. The
model explains the transporting water into electrodes under
saturated and unsaturated gas conditions using the theory
of concentrated solution in all places with the assumption of
a uniform current density. In PEMFC, liquid water appears
in the cathode during operation with unsaturated reactor
gas specific at low stoichiometric flow rates. The two-phase
flow and transport of the PEMFC air cathode were modeled
by You and Liu, [56] and the capillary action was established
within the two-phase zone. The distribution of current MEA
and GDL density and temperature and the distribution of
the GDL and GDL gas species at a cross-section of GDL and
flow channel at an increased power density were recently
developed in three-dimensional models.

PEMs are of primary importance and play an essential
role in improving performance and durability to reducing
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costs compared to other components in the MEA. PEMs
should be highly conductive on both sides of the anode
and the cathode. In contrast, the gaseous reactants should
not be transmitted to the other side, nor should they allow
electrons to flow. Furthermore, large gaseous reactants
pass on the contrary, nor can electrons pass during the
functioning of fuel cells [57]. The action of free radicals
on the polymeric membrane structures leads to chemical
breakdown and pinhole production. The crossing of the
cathode-side hydrogen, the anode-side oxygen, and an
incomplete reduction in oxygen produced the radicals. In
addition, mechanical forces may crash the PEMs down, such
as fatigue and assembly stresses. PFSA membranes like
Nafion are widely used for electrochemical devices, including
PEFCs [58]. Currently, PFSA membranes are utilized for
electric energy devices. However, prohibitive costs and
long-term problems prevented PEFCs from competitively
penetrating the market. Alternative PEMs are attempted to
comply with as much as possible the above parameters and
it may be stated that hydrocarbon-based PEMs (SPEEK)
have shown promising properties for the prolonged PEFC
operation, e.g., Sulfonated Polyetherketone Membranes.
The number of PEEK units having a sulfonic acid set linked
to them is indicated. In addition, alternative procedures
such as thermal linkage and nanocomposite membranes
can be taken to further enhance SPEEK membranes’ overall
stability. Automated moisturizing proton interchangeable
membranes have been introduced in PEMs, coupled with
various hydration and proton conductivity additives, are
equipped with Pt nanoparticles as catalytic sites for internal
water generation. Thus, external moisturizers were no longer
needed in these situations. This strategy not only decreases
PEFCs’ costs and complexity but also improves the power
density, as the water removal of Toyota MIRAI's fuel cell has
reduced weight and volume by 13 kg and 15 L, respectively.

Membrane Water Transport with Sorption/
Desorption

Water transport is of the utmost importance in proton-
conductive membranes since water is primarily responsible
for transporting charges throughout the membrane. Thus,
the permeability and diffusiveness of the membrane to the
water molecules are characteristics well researched [59]. A
membrane water permeation process may be expressed in
three separate stages: (1) water sorption on the sorption
side into the membrane; (2) water diffusion across the
membrane; and (3) water desorption from the membrane
on the dry side [60]. The sorption and desorption steps are
interfacial barriers to the movement of masses, and many
authors have been researched Zhao et al [61]. They have
claimed that the surface of the membrane is hydrophobic
to water vapor and hydrophilic to water because of their
permeation investigations. Small-angle X-ray scattering
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tests were shown that structural changes in the membrane’s
interface depending on the media in contact with Karlsen
et al [62] were substantiated. Majsztrik et al [60] reported
that water desorption at the membrane/gas interface was
the limiting rate in penetration experiments. Different
approaches are employed to evaluate water permeability
and water diversity via a membrane. Water permeability is
usually assessed by a simple permeation test, in which the
membrane separates two water-filled chambers and applies
a total pressure differential. The volume change is monitored
with a capillary and is related to membrane permeability in
the lower pressure chamber [63].

In the operation of polymer electrolyte membranes
(PEM) fuel cells, water sorption and transport in polymer
membranes play a crucial part. The water sorption and
diffusion in the membrane control the fuel cell distribution
of water and affect the local conductivity of the protons. The
most frequent polymer membrane material in PEM fuel cells
is Nafion [63].

Three fundamental approaches were used to measure
water sorption and transport. The first method is mass
absorption or loss, provided Fickian diffusion controls the
water absorption, sorption diffusivity of the product, the
rate constant, and the square of the characteristic dimension
of the polymer regulated desorption [60]. Measurements
for the water uptake provide average values ~10-8 cm?/s
to the lowest diffusion coefficients. Measurements of water
desorption provide ~10-7 cm?/s of intermediate diffusion
coefficients. Second, relief NMR. The pulsed gradient NMR
experiment relaxation times may calculate the Nafion water
self-diffusing coefficient. The NMR measurements of self-
diffusion reveal the maximum diffusiveness values of about
~10-6 cm?/s. Third, experimental permitting. The continuous
water permeation through membranes is measured
according to the chemical activity throughout the membrane.
Permeation measurements suggest the diffusiveness of 10-7
cm?/s little lower than NMR. Interfacial mass transportation,
diffusion, and polymer swelling are involved in sorption and
penetration. All affect the speeds of transport and reaction
process in Nafion, including temperature, membrane
thickness, and water and vapor.

Alves-Lima et al [64] examined the feasibility to quantify
and picture liquid water content through Nafion PE MPs using
a portable, comparatively inexpensive terahertz imaging
system. In the 25-500 pm thickness range, the technique has
been sensitive to quantify fluid water, with insensitivity of
under 25 um in thickets. Assuming that the thickness of the
membrane may be used as the thickness of the water, we have
calculated the loss of water with terahertz measurements
to monitor the weight change simultaneously. The results
are compatible with the gravimetric analysis and earlier
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research despite differences from the measuring panel in
the residual surface water and liquid water. Finally, during
a desorption process, which would not be achievable using
gravimetric techniques otherwise, they showed the imagery
of water spatial distribution and motion through a partially
hydrated membrane of Nafion N-117. While the Nafion
production sector is trending towards thinner membranes
for commercial high-performance PEMFC applications (<
25~15 pm) because of decreased proton strength and better
fuel cell performance, the proposed system is appropriate for
thicker (50-254 um) membranes.

Models of sorption seek to characterize membrane
characteristics in balance with a nearby fluid. The models
show how protons and water are conveyed and how they
interact through the polymer matrix [65]. The unit-less
amount AH20, which is defined as water molecules per
acid site in the polymer and depends on the water activity
in a vapor phase near the membrane is appropriate for
the concentration [66]. An entire model must explain the
water sorption during a fuel cell operation in an adjacent
liquid phase because liquid water is forming in the cathode.
Sorption from a completely saturated steam phase and a
fluid phase should theoretically be equal to the activity of
water in both phases. But experimental evidence shows
that the membrane water concentration for balance with
a liquid stage is substantially higher [67]. The paradox of
Schroder is this discrepancy. It is under question whether
the continuous Schréder paradox exists because later studies
confirm its absence. It could be observed if it cannot exist if
the contact with water vapor at 100% relative humidity has
been monitored in a non-equilibrium state [68].

Conclusion

Electroosmotic drag has several industrial uses,
including chlorine generation, NaOH and other bases, and
inorganic acids. The membrane can be dried too little by
water and hence reduces conductivity and cell performance.
There can be too much water in the membrane and cathode
inundations. Water is also carried through the membrane
besides generating water at the cathode catalyst layer
due to the electrochemical reaction. It is vital to quantify
electroosmotic drag for optimizing water concentration in a
fuel-cell membrane.

Water management is becoming one of the key
concerns for PEMFC marketing. A successful grasp of water
transportation in various PEMFC components is required for
good water management. The hydration of the membrane
and the avoidance of cathode from flooding is a sensitive
balance. Flooding of cathode happens when the produced
water exceeds the rate of water removal. Cathode flood
inhibits the transfer of oxygen to the reaction locations and
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diminishes the effective catalyst area. Water that develops
on a cathode fuel cell reduces performance and impedes
efficient functioning; therefore, water management is one of
the most crucial features of a PEMFC.
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