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Abstract: In this study, a 3D model of a proton exchange membrane fuel cell (PEMFC) with crossed
channels and an ultra-thin membrane is developed to investigate the feasibility of self-humidification;
experiments utilizing a PEMFC stack with identical configurations are conducted to validate the
simulation results and further investigate the effects of various operating conditions (OCs) on self-
humidification. The results indicate that the crossed flow channel leads to enhanced uniformity of
water distribution, resulting in improved cell performance under low/no humidification conditions.
External humidifiers for the anode can be removed since the performance difference is negligible
(≤3%) between RHa = 0% and 100%. Self-humidification can be achieved in the stack at 90 ◦C or
below with an appropriate back pressure among 100–200 kPa. As the current density increases,
there is a gradual convergence and crossing of the voltage at low RH with that at high RH, and the
crossover points are observed at 60–80 ◦C with suitable pressure when successful self-humidification
is achieved. Below the current density of the point, the stack’s performance is inferior at lower RH
due to membrane unsaturation, and conversely, the performance is inferior at higher RH due to
flooding; this current density decreases with higher pressure and lower temperature.

Keywords: PEMFC; 3D model; self-humidification; crossed channel; ultra-thin membrane; operating
condition; water distribution; cell performance

1. Introduction

Proton exchange membrane fuel cells (PEMFCs), as promising energy conversion
devices with higher power density, lower noise, and zero pollution, have received great
attention [1–3]. Despite its many advantages, there are still many technical challenges that
need to be solved to achieve efficient power supply [4]. The main issue that limits the
performance of the PEMFC is the ohmic loss, which is mainly caused by the resistance
of the proton exchange membrane (PEM) especially when it has lower water content [5].
Therefore, water management is of vital importance to achieve maximum performance
and durability from PEMFCs [6]. An external humidification system is usually added to
provide hydration for the PEM. However, it not only increases the complexity of the vehicle
system structure but also requires an additional power supply, which in turn reduces the
net output power [7]. Therefore, it is essential to remove the external humidification system
and achieve self-humidification of the PEMFC [8].

There has been extensive research on how to improve the performance of PEMFCs at
low/no humidification [9], including the alternation of the gas diffusion layer (GDL) [10,11],
microporous layer (MPL) [12], catalyst layer (CL) [13,14], and PEM [15,16]. To achieve
self-humidification of PEMFC, the priority is to enhance its low-humidity performance.
Some research focuses on improving water production, retention, and transport in the
membrane electrode assembly (MEA). For example, Cha et al. [17] conducted experiments
to measure the performance of self-humidifying PEMFCs with short-side-chain (SSC)
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and long-side-chain (LSC) membranes. They found that the power density of the self-
humidifying PEMFC with the SSC membrane was higher than that with the LSC membrane
due to increased water retention. Li et al. [18] performed a three-dimensional modeling
of PEMFC. They found that compared to the thick catalyst-coated membrane (CCM), the
thin CCM is more easily hydrated by water generated by reaction under low humidity
conditions. Huang et al. [19] designed and fabricated a novel composite PEM based on
vinyl-phosphonic acid-functionalized mesoporous silica nanoparticles. They found that
the VPA-MSN(–NH2) endows the composite membrane with high water uptake and water
retention, enhances proton conductivity, and improves cell performance under low relative
humidity (RH) conditions. Xie et al. [20] enhanced the low-humidity performance of
PEMFC by incorporating a phosphoric acid-loaded covalent organic framework in the
anode catalyst layer. Shin et al. [21] developed a two-phase PEMFC model to predict the
performance under both dry and humid conditions. They found that the high tortuosity of
the CL can support the prevention of anode dehydration under lower humidity conditions
by accelerating the back diffusion of water from the cathode to the anode side. Hou et al. [22]
enhanced the low-humidity performance of PEMFC by introducing hydrophilic carbon
nanotubes in the MEA. Angayarkanni et al. [23] coated a silica composite layer on the
Pt/C CL and prepared a MEA that delivers excellent fuel cell performance in dry gas
conditions. Ren et al. [24] prepared a nanostructured GDL with enhanced hydrophobicity
to improve the water management performance of the PEMFC. They found that the GDL
can improve capillary pressure to help retain liquid water at the GDL/CL interface and
facilitate the wetting of the membrane under low humidity conditions. Li et al. [25]
based their study on the introduction of graphene oxide polymer brushes as an inorganic
additive and incorporated Pt-TiO2 nanoparticles fixed on a polymeric PEM to form a
cross-linked network structure. This allowed them to prepare novel cross-linked PEMs and
nanocomposite PEMs with high self-humidification performance.

In addition, the structure of the flow field also greatly influences water management
in achieving self-humidification. Tong et al. [26] designed a cross-convection flow channel
and investigated the distribution of water heat and its performance at various positions.
They found that the uniform distribution of water in the cross-convection channel prevents
the phenomenon of membrane drying inside the PEMFC. Wang et al. [27] developed a
quasi-three-dimensional transient non-isothermal model to explain various experimental
phenomena. They found that, compared with co-flow configurations, counter-flow con-
figurations improve the uniform distribution of water and current density and reduce the
probability of flooding in segments near the outlet gas channel. Zhang et al. [28] investi-
gated the dynamics of droplet behavior in different channel sizes within the micro-flow
field and examined their impact on PEMFC performance. They found that the PEMFC with
the micro-flow field can achieve the most excellent performance without air humidification.
Lian et al. [29] proposed a novel porous flow field that utilizes metal fibers to create a
network of continuous capillary pathways. The experimental results show that the fiber
flow field exhibits optimal performance at 50 ◦C under low humidification, and an increase
in back pressure can significantly enhance the performance of the fuel cell. Additionally,
they optimized the structure to further improve the peak power density and the average
output current of the fiber porous self-humidifying flow field [30].

Furthermore, recent studies have also found that self-humidification through an-
ode/cathode circulation can replace the use of external humidifiers. Fan et al. [31] devel-
oped a three-dimensional multiphase numerical model for PEMFC. The results show that
the water produced at a high current density in the cathode CL is sufficient to humidify
the polymer electrolyte by flowing back and forth between the anode and cathode. Zhao
et al. [32] experimentally investigated the dynamic performance and stability characteristics
of a fuel cell system with dual exhaust gas recirculation using an orthogonal test method.
They found that with dual recirculation, the fuel cell membrane can be well hydrated, and
the system performance only shows a 3% reduction compared to a system with an external
humidifier. Shao et al. [33] proposed a dynamic model for a PEM fuel cell system that
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includes anodic and cathodic exhaust gas recirculation. The results showed that the humid-
ification effect is much better for cathode recirculation compared to anode recirculation,
especially under low inlet RH conditions. Zhang et al. [34] constructed a test bench for a hy-
drogen fuel cell system with a recycling cathode. The experimental results demonstrate that
the cathode recirculation can prevent membrane dryness at low current density without
external humidifiers and improve the water removal capability of the stack outlet at high
power. Zhang et al. [35] established a dynamic mechanism model for a control-oriented
hydrogen fuel cell system based on cathode exhaust gas recirculation. They found that at
high current densities, increasing the operating temperature can reduce the saturation of
liquid water on the cathode side and prevent fuel cell flooding. Liu et al. [36] developed a
comprehensive dynamic control model for an automotive self-humidifying fuel cell system
with cathode recirculation. The results show that the control model can suppress high
potential and increase the cathode RH, which is significant in solving the durability decay
caused by low humidity under low load conditions of self-humidifying systems. Moreover,
bipolar membrane fuel cells are also used to achieve self-humidification. Li et al. [37]
established a two-dimensional steady-state MEA model of bipolar membrane fuel cells
to investigate the water transport mechanism and the formation of self-humidification in
this novel MEA structure. They found that the thickness of the anion exchange membrane
(AEM) affects the effective diffusion of water, and the variation in the membrane’s water
uptake property can also influence the intrinsic concentration gradient of water in the
membrane. Heo et al. [38] prepared a fuel cell (FC) by laminating the PEM and AEM
composed of acceptor-doped SnP2O7 composites. The self-humidifying fuel cell membrane
demonstrates exceptional electrochemical performances under harsh operating conditions
(OCs) of high temperature and low RH. Wang et al. [39] proposed a self-humidification
design that utilizes a series connection of the PEM and AEM fuel cells. They found that the
performance can be improved by reducing the thickness of the AEM and the flow rate of
the anode through simulation.

In summary, PEMFC humidification has been an important and interesting topic.
Although there are numerous studies on self-humidification by modeling, most of them
are only validated with simple experiments. In our study, experimental and modeling
research are both conducted on the self-humidification of FC together, especially the
experimental operation of a stack that is very close to an industry application. Meanwhile,
the stack has no anode or cathode gas circulation system or AEM, and the uniformity of
water distribution is considered by a specially designed flow field with crossed channels
for the anode and cathode flow field plates. Therefore, a 3D model of FC with a novel
crossed channel structure and an ultra-thin membrane of 8 µm is developed to investigate
the feasibility of self-humidification; experiments utilizing a PEMFC stack with identical
configurations are conducted to validate the simulation results and further investigate
the effects of various OCs on self-humidification. The following sections contain model
development, numerical methodology, experimental equipment and methods, results and
discussion, and conclusions.

2. Model Descriptions
2.1. Geometric Model

In this work, a 3-dimensional PEMFC steady-state model with crossed flow channels
is developed. The geometric domain is shown in Figure 1. The geometric model consists of
the following components: anode/cathode bipolar plate (BP), anode/cathode flow channel,
anode/cathode GDL, anode/cathode MPL, anode/cathode CL, and MEM. The overall
dimensions of the single cell are 120.1 mm × 41.6 mm × 1.407 mm, and each component’s
dimensions are listed in Table 1.
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Table 1. The parameters of geometric model.

Geometric Parameters Values (mm)

BP thickness 0.5
Cathode channel length/width/height 120.1/0.8/0.4
Anode channel length/width/height 41.6/0.7/0.3
Anode/cathode rib width 0.5/1
GDL thickness 0.16
MPL thickness 0.03
Cathode/anode CL thickness 0.009/0.006
MEM thickness 0.008

2.2. Model Assumptions

To simplify the simulation model, the following assumptions are made:

(1) The flow in the flow channel is regarded as laminar flow [40];
(2) The reaction gases are ideal and incompressible;
(3) The water generated by the reaction in the CL is membrane water [41];
(4) The porous media is assumed to be isotropic and uniform;
(5) The crossover of the hydrogen permeation phenomenon in MEM is ignored [42];
(6) Ignoring the influence of gravity.

2.3. Governing Equations

The multi-physics field in this model involves heat transfer, mass transfer, and electro-
chemical reactions. Under the aforementioned assumptions, the governing equations in
this three-dimensional and steady-state model are presented as follows.

Mass conservation equation:

∇•(ρε
⇀
u ) = Sm (1)

where ρ is the density of the fluid, ε is the porosity of the porous media,
⇀
u is the fluid

velocity, Sm is the source term.
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Species conservation equation:

∇ ·
(

ε
→
u ci

)
= ∇ ·

(
Deff

i ∇ci

)
+ Si (2)

where ci is the molar fraction, De f f
i is the multi-component diffusivity, and Si is the

source term.
Momentum conservation equation:

∇•(ερ
→
u
→
u ) = −ε∇p +∇•(εµ∇⇀

u ) + Su (3)

where µ is viscosity, p represents pressure, Su is the source term.
Energy conservation equation:

∇•[ ∑
i=g,l

(ερcp
⇀
u )iT]−∇•( ∑

i=g,l,s
ke f f

i ∇T) = SQ (4)

where cp, T, ke f f represent constant pressure specific heat, temperature, and thermal
conductivity, respectively. SQ is the source term.

Charge conservation equation:
In this model, the Butler–Volmer equations for the anode and cathode are used to

calculate the reaction rate in CL of anode and cathode:

∇•(kele∇ϕele) + Sele = 0 (5)

∇•(kion∇ϕion) + Sion = 0 (6)

where kele, kion, ϕele, ϕion, Sele, Sion represent electron conductivity, proton conductivity, solid
phase potential, membrane potential, electron source term, and proton source term, respectively.

The description of the details of all the source terms can be referred to in [43,44].

2.4. Water Transport

In a PEMFC, variations in materials and structure can result in various states and
phase change behavior of the water. Typically, the state and phase of water vary within the
membrane, CL, GDL, and channels.

Membrane water equation:

−∇ · (nd
F

kion∇φion) = ∇ · (
ρm

EW
Dλ∇λ) + Sλ + Sgd + Sld (7)

where nd is the electro-osmotic drag coefficient, ρm is the membrane density, Dλ is the
water diffusivity, EW is the equivalent mass of PEM, λ is the water content. Sλ is the water
generation rate due to the cathode side reaction in the catalyst layer, Sgd is the rate of mass
change between gas and dissolved phase, and Sld is the rate of mass change between liquid
and dissolved phase.

nd = 2.5
λ

22
(0 6 λ 6 22) (8)

Dλ = Dre f
λ · e

2416( 1
303−

1
T ) (9)

Dre f
λ =

{
3.1 · 10−7λ

(
e0.28 − 1

)
e
−2346

T , λ < 3

4.17 · 10−8λ
(
161e−λ + 1

)
e
−2346

T , λ ≥ 3
(10)

Sgd and Sld are calculated by:

Sgd =
(

1− sθ
)

γgdMH2O
ρm

EW
(
λeq − λ

)
(11)
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Sld = sθγldMH2O
ρm

EW
(
λeq − λ

)
(12)

where s is the liquid saturation, γgd and γld is the gas and liquid mass exchange rate
constants, λeq is the equilibrium water content.

Liquid water transport equation in porous media:

∇ ·
(

ρlκκr

µl
∇pl

)
+ Sgl − Sld = 0 (13)

where ρl is the liquid water density, κ is the absolute permeability, κr is the relative perme-
ability, Sgl is the conversion rate of gaseous and liquid water and Sld is the conversion rate
of liquid and membrane water.

Sgl is calculated by:

Sgl =

γeεsDgl
Mw
RT pln

(
p−psat
p−pwv

)
, pwv ≤ psat

γcε(1− s)Dgl
Mw
RT pln

(
p−psat
p−pwv

)
, pwv > psat

(14)

where γe is the evaporation rate coefficient, pwv is the water vapor pressure, γc is the
condensation rate coefficient, psat is the saturated vapor pressure.

Dgl is a coefficient and calculated by:

Dgl =

 0.365 · 10−4
(

T
343

)2.334( 105

p

)
Cathode

1.79 · 10−4
(

T
343

)2.334( 105

p

)
Anode

(15)

Liquid water transport equation in channels:

∇ ·
(

ρl
⇀
uls
)
= ∇ ·

(
Dliq∇s

)
(16)

⇀
u l = χ

⇀
u g (17)

where Dliq is the diffusion coefficient of liquid water in the gas channels,
⇀
u l is the velocity

of liquid water,
⇀
u g is the velocity of gaseous water, χ is the velocity ratio of liquid water to

gaseous water in the flow channel.
The conductivity of the membrane
In addition, the conductivity of the membrane is related to the membrane water

content, and can be calculated by:

σ(T, λ) = σ303K(λ) exp
[

1268
(

1
303
− 1

T

)]
(18)

σ303K(λ) = 0.005193λ− 0.00326 (19)

2.5. Numerical Methodology and Boundary Conditions

In this study, the governing equations described earlier are solved using double
precision, employing the finite volume method. The computational fluid dynamics (CFD)
software Ansys Fluent 2022 R1 is employed to solve the model. The cell inlet is set as the
mass flow inflow, and the outlet as the pressure boundary. The temperature of the wall is
set as constant, and the constant current control mode is adopted for the calculation. The
boundary conditions and electrochemical parameters are listed in Table 2.
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Table 2. Physical parameters and boundary conditions [10,11].

Value

Open-circuit voltage (V) 1.15
Temperature (K) 353.15
Anode/cathode outlet pressure (kPa) 150/150
Anode/cathode stoichiometry 2/1.6
Active area (cm2) 49.6614
GDL/MPL/CL contact angle (deg) 130/140/120
GDL/MPL/CL porosity 0.7/0.6/0.5
GDL/MPL/CL/PEM permeability(m2) 8 × 10−12/5× 10−13/3× 10−14/1× 10−18/0
GDL/MPL/CL density (kg·m−3) 440/440/1000
GDL/MPL/CL specific heat capacity (J·kg−1·K−1) 710/710/3300
GDL/MPL/CL thermal conductivity (W·m−1·K−1) 1.7/1.7/8
GDL/MPL/CL electrical conductivity (S·m−1) 5000/5000/1000
Surface/volume ratio in CL (m−1) 200,000
PEM equivalent mass (kg·kmol−1) 1100
Anode/cathode exchange current density (mA·cm−2) 10,000/10

2.6. Model Verification

The mesh model is shown in Figure 2a, and the grid independence test is carried
out. Table 3 shows the calculation results and time of different grid quantities for the
cases with the same boundary conditions. It can be found that Case 2 can effectively
balance computational efficiency and computational accuracy. Therefore, 10,991,552 grids
are selected to calculate the model. Figure 2b shows the comparison of simulated and tested
voltage and impedance under the same OCs, and the circles and arrows indicates that the
corresponding curves and what they represents. It is observed that the experimental results
fit well with the simulation data, which verifies the validity of the simulation model.
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Figure 2. (a) The mesh model; (b) polarization curve by experiment and modeling.

Table 3. Grid independence test.

Grid Number Current Density
(mA·cm−2) Voltage (V) Calculated

Time (h)

Case 1 8,243,664 2000 0.612416 60
Case 2 10,991,552 2000 0.613369 72
Case 3 13,739,440 2000 0.613764 84
Case 4 18,985,408 2000 0.613349 144
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3. Experiment
3.1. Experimental Equipment

Figure 3a is the self-humidification test system, which consists of a test bench of Green-
light G500, the FC stack, a high-frequency impedance (HFR) meter, and other necessary
equipment. The G500 is used for feeding reactants (air and H2) and coolant, tempera-
ture, humidity, load regulation, and control. The HFR meter from KIKUSUI company
(Yokohama, Japan) (KFM2151) ranges from 0.001 mΩ to 33 kΩ with an accuracy of 0.2%.
The FC stack (shown in Figure 3b) is provided by WUT New Energy Co., Ltd. (Wuhan,
China), composed of 10 single cells, end plates, insulating plates, and current collector
plates. In each cell, the crossed flow channel is arranged in the bipolar plates, the PEM is
Gore-SELECT® M765.08 with a thickness of 8 µm, the CL is 60% platinum carbon catalyst,
with E-type carbon as the carriers, and Pt loading was 0.4 mg/cm2 for the cathode and
0.1 mg/cm2 for the anode. The GDL is from Toray Company (XGL-30T, hydrophobicity of
10%), Tokoyo, Japan.
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3.2. Experimental Methods

To investigate the effects of different OCs on self-humidification, experiments are
conducted under various current densities, pressures, temperatures, and RH. The tested
regimes are given as follows: (1) The stack is activated for 2 h to achieve an optimal working
state. (2) The current density is increased from 0 to 2000 mA·cm−2 or higher, with a step
size of 100 mA·cm−2. (3) The running time for each current density is no less than 5 min
and then the voltage and impedance are recorded. (4) Once one test is finished, the stack
will be purged, and then the test under other OCs is carried out. All OCs are given in
Table 4.

It is very difficult to directly measure the water content in the membranes of a FC stack.
However, for a certain FC, the impedance is directly correlated to the hydration state of the
membrane, and the performance is directly influenced by the impedance. Therefore, during
the experiment, the impedance is measured by the HFR meter at a frequency of 1 kHz,
which is considered equivalent to the ohmic resistance [29,30], to indicate the membrane
water content, so as to judge if the FC self-hydrates.
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Table 4. The test cases of the self-humidification experiment.

Temperature (◦C)
Back Pressure (Gauge Pressure, kPa)

Anode Cathode

60 200 200

70 200 200

80

0 0

100 100

150 150

200 200

90 200 200

Flux RH (%)

Anode 1.6 SLPM 0 20 20

Cathode 2 SLPM 0 40 80

4. Results and Discussion
4.1. Effects of the Crossed Channel on Water Distribution

Figure 4 shows the modeled results in the cell with crossed channels and an ultra-
thin membrane of 8 µm. The FC operates at a temperature of 80 ◦C, a back pressure of
P = 150/150 kPa, a stoichiometric ratio of λa/λc = 1.6/2, and RHa/RHc = 0%/0%. In
Figure 4a,b, the distribution of the water molar concentration at the interface of CL/GDL at
different current densities (250/750/1500/2000 mA·cm−2) is presented, and the air flows
along the X-direction, while the hydrogen flows against the Y-direction. The distribution
of water on the anode side shows an obvious step change in the Y-direction, which is
determined by the flow of dry H2. The concentration increases more smoothly on the
cathode side. As the current density increases, the water on both the cathode and anode
sides generally increases, and the distribution becomes more uniform.

In Figure 4c,d, the displayed water molar concentration on the interface of CL/PEM
is the average value of 10 separate areas along the X direction. When the current density
increases, the water on the interface of CL/PEM at the anode becomes more uniform, and
the deviation between the inlet and outlet shrinks gradually, while at the cathode, the
water increases incrementally along the X direction. Additionally, the molar concentration
of water in a parallel channel, counter-flow configuration cell at 2000 mA·cm−2 is also
given. At the anode, the water molar concentration gradient in the parallel channel cell at
2000 mA·cm−2 is higher than that in the crossed channel cell at all current densities. At the
cathode, the molar concentration of water in the parallel channel cell is obviously lower
than that in the crossed channel cell. Figure 4e shows the cell performance by modeling
between the cell with crossed and parallel channels (counter flow). When the current
density increases, the performance difference between the cells with crossed and parallel
channels increases, ultimately reaching a maximum of 0.041 V (7.2%) at 2500 mA·cm−2.

In the crossed channel cell, the uniformity of water distribution is improved on
the anode side, and the amount of water on the cathode side is increased compared to
the parallel channel counter-flow configuration cell when operated under no humidity
conditions. Since the uniformity of water distribution is improved, it is beneficial to saturate
the PEM and strengthen its proton conductivity, resulting in an increased electrochemical
reaction rate and water molar concentration at the cathode. Therefore, the crossed channel
can achieve better cell performance without any humidifiers compared to the parallel
channel cell due to more water being preserved in the MEA. Meanwhile, increasing the
current density can also improve the water molar concentration and the uniformity of its
distribution on both sides, which enhances the electro-osmotic drag and is beneficial to
achieve the self-humidification of FC.
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4.2. Effects of RHa on Cell Performance

Figure 5a shows the cell performance at different OCs by modeling. It can be found
that the cell voltage changes are 5.9/4.48/3.74/2.7/0.53 mV between RHa = 0% and
RHa = 100% at the current density of 750/1250/1500/2000/2500 mA·cm−2, respectively,
when the temperature is 80 ◦C and the back pressure is 150/150 kPa. Meanwhile, at
different temperatures and pressures, the cell performance also varies little when the RHa
changes. In Figure 5b, the voltage and impedance of the stack with crossed channels
and an ultra-thin membrane are tested at P = 100/100 kPa, λa/λc = 1.6/2, 80 ◦C, and
RHa = 0/100%, RHc = 100%. It can be observed that there is a negligible difference in the
stack voltage/impedance between the case with and without anode humidification. The
measured difference is less than 1% at ≥800 mA·cm−2, and ≤3% at all current densities.
Therefore, the tested stack performance effectively validates the simulation results.
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The water transported across the membrane by electro-osmotic drag and back diffu-
sion saturates the membrane [33,45], which can be effectively improved by the ultra-thin
membrane, resulting in FC performance insensitive to the change of RHa under most OCs.
When the voltage difference of the stack varies by less than 3% at all current densities
between low/no and high humidification conditions [32,46], the self-humidification is
considered to be successful. Consequently, due to anode insensitivity to the change of RHa
and the measured data shown in Figure 5, it is concluded that the anode can effectively
achieve self-humidification, and the anode external humidifier can be removed for the
PEMFC with crossed channels and an ultra-thin membrane.

4.3. Effects of Pressure on Self-Humidification

Figure 6a–d shows the comparison of experimental data of stack voltage and impedance
at four different back pressures: 0/100/150/200 kPa. The other OCs are: T = 80 ◦C,
λa/λc = 1.6/2, RHa/RHc = 20%/80%, and 20%/40%, respectively. Figure 6e shows the wa-
ter content in the membrane at different back pressures: 0/100/150/200 kPa by modeling.
The arrows indicates what the curves represent.

Figure 6 clearly shows that the performance of the stack improves as the back pres-
sure increases. The impedance of the stack remains almost constant and low in all
four cases for all current densities at RHa/RHc = 20%/80%, but it is relatively high at
RHa/RHc = 20%/40% below 500 mA·cm−2. As the current density increases, it gradu-
ally decreases and remains almost constant after reaching 500 mA·cm−2. This indicates
that even in the FC with an ultra-thin membrane of 8 µm, the membrane fails to attain
adequate hydration when operated at low RH and a current density below 500 mA·cm−2.
Figure 6a shows the I–V curves of 0 kPa back pressure. The voltage difference rises with
the increase in current density because the impedance remains much higher for the case
of RHa/RHc = 20%/40%, even after 500 mA·cm−2. The impedance difference between
the two RHs is quite large, which amplifies the voltage difference along with the increase
in current density. It can be observed that even at 2000 mA·cm−2, there is a voltage and
impedance difference of 0.157 V (28%) and 0.42 mΩ·cm2 between RHa/RHc = 20%/80%
and 20%/40%, respectively. It is demonstrated that the self-humidification fails when the
back pressure is at 0 kPa.

As the back pressure increases, the drainage of water from the MEA to the gas channels
is hindered, leading to a higher retention of water in the MEA [30,46,47]. Consequently,
the membrane becomes more hydrated, causing weakened effectiveness of external hu-
midification, resulting in a reduction in the impedance differences between high/low
humidification conditions, as shown in Figure 6b–d.

Figure 6b shows the I–V curves of 100 kPa back pressure. The disparity in performance
and impedance between the two RHc diminishes as the current density increases. Specif-
ically, at a current density of 2000 mA·cm−2, the differences are measured to be 0.012 V
(1.8%) and 0.143 mΩ·cm2 at 2000 mA·cm−2, respectively. As the pressure increases to
150 kPa (Figure 6c), the two performance curves at different RH cross at 2400 mA·cm−2,
which is because when the current density of the stack at low RH is low, the water generated
by the reaction is insufficient, so there is inadequate water content in the PEM, leading to a
lower performance than that at high RH. However, when self-humidification is successfully
achieved, water flooding may occur at high current density and higher RH, which would
obstruct the transportation of the reactant gases, resulting in lower performance than that
at lower RH. Therefore, the two performance curves of different humidification cross at
a specific current density and there is a crossover point. As the pressure increases to
200 kPa (Figure 6d), the current density of the crossover point diminishes to 1800 mA·cm−2,
obviously lower than 2400 mA·cm−2 at a back pressure of 150 kPa. In Figure 6e, the water
content in the membrane relative to RH at 2000 mA·cm−2 is plotted by modeling at different
pressures. It is observed that increasing the back pressure can improve the water content,
and the higher the back pressure, the lower the gradient of water content changes with
RH. This is attributed to the fact that as the back pressure increases, water becomes more
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difficult to evaporate, and the pressurization impedes the drainage of water from the GDL
to the gas channels, resulting in increased water content in the membrane, improving the
water diffusivity and the proton conductivity of the membrane, reducing the impedance
and improving the cell performance at low RH, and causing the crossover point to appear
earlier at higher back pressure, as shown in Figure 6c,d.

Hence, it is beneficial to achieve self-humidification by elevating the back pressure.
For fuel cells operating at 80 ◦C without or with low external humidification, it is necessary
to maintain a back pressure of at least 100 kPa.
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4.4. Effects of Temperature on Self-Humidification

Temperature is an important factor affecting the working efficiency and durability of
PEM fuel cells whose typical operating temperature range is between 60 ◦C and 90 ◦C [48].
Therefore, the effects of temperature on self-humidification were investigated. Figure 7a–d
presents a comparison of the experimental data of the stack voltage and impedance at
four distinct temperatures: 60 ◦C/70 ◦C/80 ◦C/90 ◦C. For each case, the other OCs are as
follows: P = 200/200 kPa, λa/λc = 1.6/2.

Figure 7. (a–d) Polarization curve of the stack at 80 ◦C with a back pressure of 200 kPa at different
temperatures: 60/70/80/90 ◦C by experiments, respectively.

Similar to the case at 80 ◦C, the I–V curves depicted in Figure 7a,b at the high/low RH
gradually converge and cross at a specific point as the current density rises. Notably, the
current density at the point is lower for the case with a lower temperature. Meanwhile,
the variation in impedance difference between RHa/RHc = 20%/80% and 20%/40% ex-
hibits an upward trend as the temperature rises. At 2000 mA·cm−2, the impedance gap
between RHc = 80%/40% is measured to be 0.008 mΩ·cm2 at 60 ◦C and 0.009 mΩ·cm2 at
70 ◦C, respectively. Furthermore, Figure 7a presents the I–V data for RHa/RHc = 0% at a
temperature of 60 ◦C. It can be observed that the maximum voltage loss for RH = 0% is
0.023 V (2.15%) at 500 mA·cm−2, and it crosses with the curve of RHa/RHc = 20%/80%
at 2000 mA·cm−2; the impedance at different RH remains relatively consistent. In other
words, achieving self-humidification at a temperature of 60 ◦C is relatively straightforward.
Figure 7d illustrates the performance at 90 ◦C between RHc = 40% and 80%, and the
maximum deviations in voltage and impedance are observed to be 0.019 V (2.88%) and
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0.079 mΩ·cm2, respectively. According to the definition of self-humidification provided in
Section 4.2, it can be concluded that self-humidification at 90 ◦C is successful, but there is
no crossover between the two curves in the measured data. Meanwhile, the performance
of the stack at 90 ◦C surpasses that at 80 ◦C due to the enhanced reaction rate.

It can be observed that as the temperature increases, the performance curves cross
at a higher current density, because the sulfonate groups tend to lose more water, which
ultimately results in reduced water content in the PEM and an increase in stack impedance.
Therefore, it is more difficult for the stack to achieve self-humidification at higher tempera-
tures, especially at 90 ◦C. However, increasing the back pressure can compensate for the
negative effect of increasing temperature, as outlined in Section 4.3. As a consequence,
self-humidification at low RH can be successfully accomplished even at a high temperature
of 90 ◦C with a back pressure of 200/200 kPa. Furthermore, it has been observed that
increasing the temperature within the range of 60–90 ◦C can lead to enhancements in both
the drag coefficient and membrane conductivity if the water content is kept constant [49],
and the water quantity and its distribution can be improved to a relatively high and stable
level in the crossed arranged channel cell and ultra-thin membrane; the catalyst activity
is also promoted by increasing temperature. Therefore, the performance of the stack is
enhanced as the temperature increases within the range of 60–90 ◦C.

In conclusion, when operated within the temperature range of 60–90 ◦C and under a
back pressure of 200 kPa, the FC stack is capable of achieving self-humidification.

4.5. Crossover Points

As observed in Figures 6 and 7, there is a crossover point where the performance
of the stack at RHa/RHc = 20%/40% is equal to that at RHa/RHc = 20%/80%. Before
reaching the current density of the crossover point, the performance of the stack at low RH
is inferior to that at high RH. After this current density, the voltage of the stack at high RH
is lower than that at low RH. In Table 5, the crossover points at different OCs are presented,
revealing that the crossover point only appears when self-humidification is successfully
achieved. Furthermore, the current density of the crossover point tends to decrease with
lower temperature and higher pressure. In addition, it is observed that the crossover point
of RHa/RHc = 0% appears at 2000 mA·cm−2, 60 ◦C, and 200 kPa.

Table 5. The crossover points for different working conditions.

Temperature (◦C)
Pressure (kPa) Self-Humidification

(Yes or No)
Current Density of Crossover Point

(mA·cm−2)An/Ca

60 200/200 Yes 700 (2000 at RH = 0%)

70 200/200 Yes 1100

80

0/0 No No cross

100/100 Yes No cross

150/150 Yes 2400

200/200 Yes 1800

90 200/200 No No cross

When the current density of the stack at low/no humidification is low, the water gener-
ated by the reaction is insufficient, so there is inadequate water content in the PEM, leading
to a lowered performance of the stack. However, when self-humidification is successfully
achieved, water flooding may occur at high current density and humidification, which
would obstruct the transportation of the reactant gases, resulting in a decrease in stack
performance [50]. Therefore, the two performance curves of different humidification cross.
Meanwhile, at low temperatures or high pressure, self-humidification is easier to achieve,
and water flooding is more prone to happen in the stack at high humidification. Therefore,
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the current density of the crossover points tends to decrease at lower temperatures or
higher pressures.

5. Conclusions

In this study, a three-dimensional steady-state PEMFC model with crossed channels
and an ultra-thin membrane of 8 µm is developed to investigate the feasibility of self-
humidification. Meanwhile, the self-humidification experiments are conducted using a
PEMFC stack with the same configuration under various pressures and temperatures. The
main conclusions can be summarized as follows:

(1) When operated under no humidity conditions, for the FC with crossed channels
and an ultra-thin membrane, the uniformity of water distribution is improved, and
the water concentration is increased compared with the parallel channel counter-
flow configuration cell. Therefore, the cell can achieve better performance without
humidifiers than the parallel channel cell. Meanwhile, increasing the current density
can also improve the water concentration and the uniformity of water distribution.

(2) The anode is insensitive to the change of RHa under most OCs because the anode
water is mainly transported from the cathode by back diffusion, which can be im-
proved by the ultra-thin membrane. This is verified by the measured performance of
the stack operated at Pa/Pc = 100/100 kPa, T = 80 ◦C, and RHc = 100%, and the per-
formance difference between with and without anode humidification can be ignored,
which is ≤3% at all current densities and is ≤1% when the density is ≥800 mA·cm−2.
Consequently, the external humidification on the anode can be removed.

(3) Increasing the back pressure leads to an increase in water content in PEM and an
increase in oxygen concentration in CL, which results in a decrease in impedance and
an increase in performance at low/no humidification. Therefore, increasing the back
pressure is beneficial to achieve self-humidification.

(4) It is more difficult for the stack to achieve self-humidification at higher temperatures
because the sulfonate group tends to lose water. However, increasing back pressure
can compensate for the negative effect of increasing temperature. Self-humidification
can be achieved for the stack operated at 60–90 ◦C with a suitable back pressure in the
range of 100–200 kPa.

(5) It is observed that with an increase in current density, there is a gradual convergence
and crossing of the voltage at RHa/RHc = 20%/40% with that at RHa/RHc = 20%/80%,
and the crossover point, even for RHa/RHc = 0%, occurs at 2000 mA·cm−2, 60 ◦C,
and 200 kPa. Below the current density of the crossover point, the stack’s performance
is inferior at lower RH due to membrane unsaturation. Conversely, the stack’s per-
formance is inferior at higher RH due to flooding. Furthermore, the crossover point
appears only with the achievement of successful self-humidification, and the current
density of the point decreases with increasing pressure and decreasing temperature.
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Nomenclature

cp constant pressure specific heat, J mol−1 K−1 ϕ potential, V
Dλ diffusivity, m2 s−1

χ
velocity ratio of liquid water

Di multi-component diffusivity, m2 s−1 to gas in the flow channel
F Farady’s constant, 96,485 C mol−1

EW the equivalent mass of PEM, g mol−1 Superscripts
i current density, A m−2 eff effective
keff thermal conductivity, W m−1 K−1 ref reference
kion proton conductivity, S m−1 T thermal
kele electron conductivity, S m−1

M molecular weight, kg mol−1 Subscripts
n number a anode
nd electro-osmotic drag coefficient c condensation
p pressure, Pa ca cathode
R ideal gas constant, 8.314 J mol−1 K−1 Cl catalyst layer
RH relative humidity d electro-osmotic drag
S source term d dissolved water
s liquid water saturation e evaporation
T temperature, K ele electron
→
u velocity, m s−1 eq equilibrium

g gaseous water
Greek i species i
κ permeability, m2 ion ion
λ water content j species j
µ viscosity, Pa s k species k
ρ density, kg m−3 l liquid water
ε porosity liq liquid water
δ thickness, m mem membrane
γc condensation rate coefficient mw membrane water
γe evaporation rate coefficient sat saturation
γ exchange rate coefficient λ membrane water
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