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14 Abstract

15 The proton exchange membrane electrolyzer (PEME) is a promising tool for hydrogen
16  production, and internal two-phase transport significantly influences its performance. In this
17  study, a two-phase analytical PEME model incorporating the liquid saturation jump effect was
18  developed, and intelligent parameter estimation using a genetic algorithm was proposed to
19 achieve high-efficiency model validation. In-house experiments and experimental results from
20  numerous papers in the literature were employed to prove the effectiveness of the proposed
21 intelligent parameter estimation. Moreover, the two-phase simulation results demonstrated that
22  the PEME voltage increased significantly when the current density reached the limiting value,
23 and the liquid saturation in the anode catalyst layer (ACL) dropped to nearly zero. Increasing

24  ACL porosity, decreasing ACL permeability, and decreasing ACL thickness could increase the
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limiting current density within the investigated range. The simulated limiting current density
could be >5 A cm™2 through proper design of the ACL parameters. For high-pressure cathode
operation, increasing the cathode pressure and membrane permeability generally benefits water
management inside the PEME and therefore increases the limiting current density. This study
provides critical support for the design of cells and operating conditions for future PEME
studies.
Keywords: Proton exchange membrane electrolyzer; intelligence parameter estimation; two-
phase characteristics; liquid saturation jump; anode catalyst layer; cathode high pressure.
1. Introduction

Hydrogen is a clean, renewable energy source. It is widely recognized that large-scale
hydrogen utilization can achieve energy diversity, promote the decarbonization process, and
buffer the worldwide greenhouse effect [1,2]. Achieving highly efficient, low-cost hydrogen
production is a prerequisite for promoting hydrogen energy utilization. Water electrolysis for
hydrogen production can be properly integrated with various renewable sources (i.e.,
fluctuating solar, wind, and hydroelectric sources) and is thus considered a promising method
for the future [3]. Among the different types of water electrolyzers, the proton exchange
membrane electrolyzer (PEME) has attracted increasing attention in recent years owing to its
advantages such as high-current-density operation, high purity of the produced hydrogen, and
simplicity of its system [4].

PEMEs have a sandwich structure consisting of an anode, a cathode, and a membrane; the

anode or cathode side includes a flow field (channel), porous transport layer (PTL), and catalyst
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layer (CL). In PEME operation, electricity is supplied to the cell. Liquid water is supplied and
consumed at the anode, and oxygen is produced and removed. Hydrogen is produced at the
cathode, and water can be transferred across the membrane to the cathode. The electrochemical
reactions inside the PEME are as follows:

anode: H,0 - 2H*+%OZ+26’

cathode: 2H'+2e” »>H,

overall: H,O+electricity — H2+%o2

Owing to the supply of liquid water and the production of gaseous Oz, complex two-phase
flow and mass transport can significantly influence PEME performance [5-9]. Yuan et al. [5]
comprehensively reviewed studies on bubble evolution and two-phase transport inside PEMEs.
They summarized the complex effect of bubble evolution in PEMEs: Although bubble
evolution can reduce the mass transfer loss near the activation surface by reducing the local
gas supersaturation, it can also increase the activation loss by covering the activation surface.
Panchenko et al. [6] visualized the two-phase flow inside an anode PTL (APTL) via neutron
imaging. They observed the pulsed characteristics of liquid-oxygen transport during long-term
operation, which led to fluctuations in cell performance. Obvious mass transport congestion
and unstable cell performance were observed when the stoichiometry ratio of the supplied
liquid water was 100, whereas the phenomenon was mitigated when it was 350 and 600. They
also observed more significant gas accumulation under the shoulder in the APTL than under
the channel. Wang et al. [7] used a novel thin—tunable liquid—gas diffusion layer (TT-LGDL)

as the APTL and observed the internal two-phase flow in situ using a transparent cell and a
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high-speed camera. They found that the number of large bubble slugs decreased when using
TT-LGDL rather than Ti felt as an APTL. The bubble density significantly increased for the
TT-LGDL, and the bubble size decreased, which promoted bubble escape from the reaction
sites. Majasan et al. [8] visualized the two-phase flow behavior in a flow-field plate using a
transparent cell and a high-speed camera. Long, continuous bubble slugs were observed in a
serpentine flow field. A PEME with a parallel flow field exhibited better performance at a
higher current density than that with serpentine.

Experimental visualization is generally restricted by the use of specialized instruments
and installations and is usually expensive and time-consuming. Numerical and simulation
studies can also elucidate the two-phase characteristics at relatively low cost [10-15].
Falcdo and Pinto [10] reviewed the main modeling studies and basic modeling methods of
PEMEs with different degrees of complexity, focusing on empirical and semi-empirical models.
Arbabi et al. [11] simulated the formation and propagation of oxygen bubbles inside an APTL
using the volume-of-fluid method and compared the bubble breakthrough path with the
experimental results. Wu et al. [12] and Xu et al. [13] proposed an integration method for the
three-dimensional two-phase PEME full-cell model and volume-of-fluid model of the anode
flow field. The two-phase characteristics and bubble slug in the anode flow field were
simulated using the volume-of-fluid method, which was further applied in the full-cell model
as a boundary condition at the interface between the flow field and the APTL. The simulated
polarization curves exhibited better agreement with the experimental results than those of the
single full-cell model. In addition to the complex three-dimensional model, analytical and
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reduced-dimensional models can be used to predict the two-phase characteristics of PEMEs
with a low computational overhead and high efficiency. Han et al. [14] developed a two-phase
mathematical model for a PEME anode. The modeling results showed that the PEME voltage
exhibited a sudden increase, when the current density reached a limiting value. Moreover, the
influence of APTL parameters on the limiting current density was investigated. Increasing the
APTL porosity, decreasing its contact angle, and decreasing its thickness can increase the
limiting current density. Lee et al. [15] developed a pore network model to generate a realistic
microstructure of PTLs in PEMEs via a stochastic algorithm and investigated the effects of
PTL—catalyst-coated membrane (CCM) contact, pore size, and porosity on internal two-phase
transport. Based on their numerical results, they proposed an optimized electrode design by
adding a microporous layer between the PTL and the CCM to reduce the transfer resistance at
the PTL-CCM interface and enhance cell performance. Therefore, the PEME model can
predict the two-phase characteristics and connect them with PEME performance.

Validation with experimental results is necessary for PEME modeling [16-21]. There are
many critical modeling parameters, and their values under different and complex conditions
are very difficult to accurately obtain experimentally, especially for electrochemical parameters.
Sartory et al. [16] developed a semi-empirical PEME model and fitted the empirical parameters
to the experimental results. Garcia-Salaberri [17] developed a one-dimensional, two-phase,
nonisothermal PEME model. Electrochemical parameters, such as the exchange current density
of the anode, significantly influence PEME performance. Aouali et al. [18] developed

electrochemical and thermodynamic models of PEMEs. The modeling results were compared
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with the experimental results to determine the electrochemical parameters, including the
exchange current densities, charge transfer coefficients, and membrane conductivity. Therefore,
parameter estimation, that is, choosing the proper values of these parameters to guarantee
model validation, is a critical process. However, manually adjusting these parameters is either
inefficient or invalid.

In this study, a two-phase analytical model for a PEME was developed. The phenomenon
of a liquid saturation jump that occurs at the interface of layers with different porous parameters
in the electrode is introduced in the model. An intelligent method for parameter estimation that
can achieve high efficiency and automatic model validation is then proposed. Moreover, the
effects of the anode catalyst layer (ACL) and cathode high-pressure operation on PEME
performance and its two-phase characteristics have been investigated.

2. Methods
2.1 Experimental
2.1.1 Materials

A commercial CCM (manufactured by Wuhan WUT HyPower Technology) was used in
this study. It consists of a membrane of Nafion 115, an anode catalyst of IrO; with a loading
of 2.0 mg cm2, and a cathode catalyst of Pt/C with a loading of 0.8 mg cm™2. Titanium felt
with an IrO> plating layer was used as the APTL. The initial porosity and thickness of the
titanium felt are 0.5 and 260 pm, respectively. The plating solution was prepared using
chloroiridic acid, sodium nitrate powder, and isopropanol under stirring, and the IrO; loading

was set to 1.0 mg cm™2. The titanium felt was initially treated with concentrated hydrochloric
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acid at 60°C to form titanium hydride on the surface to protect the base material. For the plating
process, the titanium felt was covered by the solution and then dried in the oven at 60°C. This
process was repeated until the solution was exhausted. Then, the titanium felt was heated in a
muffle furnace, with the temperature gradually increased at 2°C min* and then kept at 350°C
for 1 h to finish the APTL preparation. The anode flow-field plate was a gold-plated titanium
plate with a parallel flow field. The cathode PTL (CPTL) and flow-field plate consisted of
carbon paper (Toray, TGP-H-060) and a carbon plate with a parallel flow field, respectively.

Some of the basic materials are presented in Figure 1.

Heb i) Anode PTL
20(lIqul (Tltanium felt with
_ l Anode Cathode IrO, plating)
CL
|| (Anode: IrO,

Cathode: Pt/C)

|[suueyn
(7.Ld) 12Ae| pyodsuel) snoiod
(10) 10he) 3shjejen
aueIqUIBIN
1)
11d
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Cathode PTL
(Carbon paper)

l lL

0O, +H,0 H, +H,O

Figure 1. Schematic of the PEME model and basic materials.

2.1.2 Experimental setup

The PEME was prepared using end plates, current collector plates, flow-field plates, an
APTL, a CPTL, and a CCM. The cell activation area was 5X5 cm?. The torque was set at 2 N
m to assemble the cells. The cell and experimental setup are shown in Supplementary Figure

1. Before the test, a leak test was conducted via pressure maintenance. The cell was connected
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to a testing bench, and nitrogen was supplied to the anode and cathode at the dead end. The
nitrogen supply was terminated when the inlet pressure reached 50 kPa. If the pressure drop
was <2 kPa in 10 min, good gas tightness of the cell was achieved for further testing. A
peristaltic pump supplied water to the cell, and a DC-regulated power supply supplied
electricity. For the polarization curve test, the cell was operated in the constant-current mode.
We recorded the voltage and current when the voltage remained constant for 2 min as a data
point and then increased the current for the next point. An electrochemical station (Zahner
Zennium E) was used for the electrochemical impedance spectroscopy (EIS) diagnosis. A
sinusoidal current was adopted as the disturbance, and its amplitude and frequency range were
10% of the real-time current and 100 kHz to 0.1 Hz, respectively. The operating temperatures
were 50°C, 65°C, and 80°C.
2.2 PEME two-phase model

A schematic of the PEME model is shown in Figure 1. The PEME includes an anode
channel, an APTL, an ACL, a membrane, a cathode CL (CCL), a CPTL, and a cathode channel.
To simplify the model, the following assumptions were made: The PEME operates in a steady
and isothermal state, and the flow in the channels is laminar. The ideal gas law was applied to
the gases at the anode and cathode. To simplify the complex gas—liquid two-phase flow in the
channels, the velocity of the gas in the channels was taken to be the same as that in the liquid,
and the pressure drop in the channels was neglected. The cathode gas was hydrogen with

humidified water vapor.
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2.2.1 Governing equations
Gas and liquid two-phase transport in the porous electrode is introduced in this section.
Mass conservation can be expressed as
V:(pu)=0 (1)
Momentum conservation in the porous electrode is simplified by using Darcy’s law

vp (2)

Combining the above two equations of gas and liquid phases gives

V-[p.q KoKig VP, J -0 (3)
Hig

V(pg Kok Vng=0 (4)
Hy

qu = SIqA (5)

k=(1-5,)’ (6)

where , (in kg m™) is the density, u (in ms™?) is the velocity, K, (in m?) is the intrinsic
permeability of the porous medium, k is the relative permeability of the gas or liquid phase,
« (in N s m™) is the dynamic viscosity, p (in pascals) is the pressure, s is the saturation
or volume fraction of the gas or liquid phase, and subscripts Iq and g represent liquid and gas
phases, respectively.
In porous media, the capillary pressure is the pressure difference between the gas and
liquid pressures:
Pe = P, — P ()

It can also be connected to liquid saturation through the Leverett function J(s,):
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pc = O-Iq COSH[KiJ | ‘] (Slq) (8)

0

with

(9)

e 142(1-s,)-212(1-s,) +1.26(1-s, ), 6<90
s )=
" |142s, -2.125,7 +1.265,°, 0>90

where p, (in Pa) is the capillary pressure, o, (in N m1) is the surface tension coefficient of
liquid water, and ¢ (in degrees) and ¢ are the contact angle and porosity of the porous
medium, respectively. The expression for the Leverett function differs for hydrophilic and
hydrophobic surfaces. Porous electrodes generally consist of two different layers (PTL and CL)
with different structural parameters. For the interface between the PTL and the CL, the values
of the gas and liquid pressures are continuous, and the values of the liquid saturation on the
two sides of the interface differ because of the different parameters of the two adjacent porous
layers. This phenomenon is called the liquid saturation jump and is considered in the model.
2.2.2 Water crossover

Water transport across the membrane is a critical process inside the PEME that directly
influences the species distributions at the anode and cathode. It is generally driven by three
mechanisms: electro-osmotic drag (EOD), diffusion by the membrane water content difference,
and hydraulic permeation by the liquid pressure difference between the anode and cathode.

Their crossover fluxes can be calculated as follows:

‘qu,cro = ‘qu,hyd + ‘]Iq,dmw + ‘]Iq,nd (10)
I

Jigna =g E (11)

J :p_m me (j“a _ﬁc) (12)



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

& plq,cl-mem,a - plq,cl-mem,c 13
- (13)

Ig m

J lghyd — Cig

where 3 (in mol m2s™?) is the total water crossover flux; J J and J__ (in mol

Ig,cro Ig,nd ! Ig,dmw ! 1g,hyd

m~2 s1) are the water crossover fluxes by EOD, membrane water diffusion, and hydraulic
permeation, respectively; n, is the EOD coefficient; 1 (in A m™2) is the current density; F
(= 96,485 C mol ) is the Faraday constant; p, (in kg m~) is the density of the dry membrane;
ew (in kg mol™) is the equivalent weight of the membrane; D_, (in mol s s%) is the
diffusivity of membrane water; 4 and /4 are the membrane water content in ACL and CCL,
respectively; &, (in meters) is the membrane thickness; ¢, (in kg m~3) is the liquid water
density; k, (in m?) is the permeability of the membrane; and p, ... and p, ... (in
pascals) are the liquid pressure at the interface between the CL and membrane of the anode and

cathode, respectively. The direction of J was from the anode to the cathode.

Ig,cro
2.2.3 Electrochemical model
The input voltage of the PEME at a certain current density consists of reversible voltage,

activation overpotential, and ohmic overpotential:

V= Eoc + 77act,a + 77act,c + nohm (14)

where E, (in volts) is the reversible voltage, ,,, and 7, (in volts) are the activation
overpotentials of the anode and cathode, respectively, and 7, (in volts) is the ohmic
overpotential.
The reversible voltage can be calculated by using the Nernst equation with a temperature
correction:
E :1.229—0.9x10'3(T—298)+ﬂ[ln(\/p_p )] (15)
0oC 2F a I'c

11
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where v_ (in volts) is the reversible voltage, T (in kelvins) is the temperature, and R
(=8.31 J Kt mol™?) is the ideal gas constant.
The relationship between the current density and activation overpotential of the anode and

cathode can be described by the Butler—\Volmer equation [13]

I =520y, (exp (%]—exp[——df(l_o%)_':%m D (16)
I =iy, (exp(%j—exp[——z(l_os_l)_':%‘c D (17)
i, = s exp(_7'6|:104 ('Ii' —%D (18)
e = e exp(_l'sg 10 (‘Il' —%D (19)

where s, represents the liquid saturation at the interface between the anode CL (ACL) and
the membrane; i, and i, (in A m™) are the exchange current densities of the anode and
cathode, respectively; «, and «, are the charge transfer coefficients of the anode and
(in A m?) are the reference exchange current

cathode, respectively; and i, and i

ref.a ref,c

densities of the anode and cathode, respectively. The first and second terms in Eqs. 16 and 17
represent the forward and reverse reaction rates, respectively. When the PEME is used for
hydrogen production, the forward reaction dominates, and the second item can be neglected.

Therefore, the activation overpotential can be expressed as

RT 11

nact,a - 40.’a|: In(%;j (20)
RT |

nact,c - ZC(CF In(;} (21)

12
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The ohmic overpotential is mainly caused by proton conduction in the membrane resulting
from the much smaller conductivity of protons than the electronic conductivity of the porous
medium. Proton conduction in the ionomers of the CLs should also be considered, and the
transport distance was assumed to be half of the CL thickness. Furthermore, titanium felt is a
common material used in APTLs for PEMEs; it can generally cause non-negligible contact
resistance, which is considered in the present study. The Ohmic overpotential was calculated

using the Ohmic law

V

h
onm . 20 20

:[5m9m+ % + 9 +Rcon]l (22)

m m,cl,a m,cl,c

and s

clc

where s

cla

are the thicknesses of the anode and cathode CLs, respectively; o, (inS

m™1) is the proton conductivity of the membrane; and o, (in S m™) are the proton

m.cla mcl,c

conductivities in the ionomer of the anode and cathode CLs, respectively; and R, (in Qm?)
is the contact resistance inside the PEME. Membrane conductivity is related to water content
and temperature; therefore, the following correlation of Nafion with the correction factor was
applied to the model:

o, =k, x(0.5139—0.326)exp 1268(i—1j (23)

oo ' 303 T

e PR (24)
where k_ is the correction factor for the proton conductivity of a detailed Nafion membrane
and o is the ionomer fraction of the CL.
2.2.4 Calculation procedure

Mass transport inside the PEME occurs mainly along the through-plane direction.

Consequently, the governing equations can be simplified as one-dimensional transport. For the
13
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boundary conditions, the gas pressures at the interfaces of the PTL and the channel in the anode
and cathode were equal to the inlet pressures at the anode and cathode, respectively. The liquid
saturation at the interfaces of the PTL and channel can be calculated using mass conservation
and the assumed gas/liquid velocity ratio in the channels (see the Supplemental Information),
and the liquid pressure can also be obtained. At the ACL-membrane interface, liquid water is
consumed, oxygen is produced from the electrochemical reaction, and water is transported to
the cathode across the membrane. Hydrogen is produced from the electrochemical reaction at
the CCL-membrane interface. The crossover water is primarily transformed into saturated
water vapor at the cathode, and the residual water is discharged in the liquid state. The discrete
analytical equations are listed in Supplementary Table 1. The materials, operating parameters,
and other transport parameters are listed in Supplementary Tables 2 and 3 [13,18,22-25].
2.3 Intelligence parameter estimation

To ensure good agreement between the simulation results and experimental data, a genetic
algorithm (GA) was applied to execute a high-efficiency, accurate, and automatic estimation
of the critical modeling parameters. In the model, six critical parameters are uncertain and need
to be estimated: the reference exchange current densities of the anode and cathode, charge-
transfer coefficients of the anode and cathode, correction factors for membrane conductivity,
and contact resistance. The detailed procedure of the GA is shown in Supplementary Figure 2.
The polarization curve and ochmic impedance are the two objectives to be measured; therefore,
the fitness function f is constructed using the reciprocal of the sum of the squared errors of the
two objectives:

14
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fo ! (25)

lmax

[
Iz:( (refa refca O k Rcon) exp) IZ( k Rcon) Rexp)2

where v (in volts) is the calculated voltage at a certain current density, which is a function of

the six undetermined parameters; v

exp

(in volts) is the experimental voltage at the current

density; R (@ m?) is the calculated ohmic impedance at a certain current density, which is a

function of k,and R (in @m?) is the experimental ohmic impedance at the current

con ! exp

max

density; and ) represents the range of current densities in experiments. The range constraints
I in

of the six undetermined parameters, based on the literature [18,23], are listed in Supplementary
Table 4. The GA program searches for a solution to maximize the fitness function; namely, it
minimizes the errors between the calculated and experimental PEME performances.
3. Results and discussion

The results of the parameter estimation are presented first to illustrate the effectiveness of
the proposed parameter estimation method. Subsequently, the effects of the ACL on PEME
performance and its two-phase characteristics are discussed. Furthermore, the operation at a
high cathode pressure is analyzed.
3.1 Parameter estimation

Parameter estimation was performed in our in-house experiments. Figure 2 shows a
comparison of the polarization curves and ohmic impedances between the simulated and
experimental results at three different temperatures. After the parameter estimation, the
simulated results agreed well with the experimental data. The EIS results of the Nyquist plot at
temperatures of 50°C, 65°C, and 80°C for three current densities are shown in Figure 3. In the

Nyquist plot, the ohmic impedance is caused by ion and electron transport, and it only presents
15
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the resistance property without the capacitance property. Therefore, its imaginary part is zero,
and the intersection point value of the real axis represents the ohmic impedance value. Because
of the double-electrode layer effect, the activation impedance exhibited both resistance and
capacitance properties. The first arc from the high-frequency section represents the activation
impedance and its diameter reflects the value of the activation impedance. Mass transfer
impedance is caused by inefficient mass transfer, such as liquid water supply and oxygen
discharge in the anode, leading to a decrease in the liquid water content at the electrochemical
reaction sites. The arc in the low-frequency section may appear under high-current-density
conditions, representing mass transfer impedance. The EIS results have only one arc that
represents the activation impedance in the low-current-density (0.2 A cm2) condition, and it
shows the two arcs that represent the obvious activation and mass transfer impedance with
increasing current density (from 0.6 and 1.0 A cm™). In our model, the mass transfer
impedance is included in the activation impedance because the activation overpotential
considers the effect of liquid water saturation, as shown in Eq. 16. As shown in Figure 2, the
ohmic impedance decreased with increasing temperature owing to the increase in membrane
conductivity. Increasing the temperature within a certain range also had a positive effect on
reducing the activation impedance. The experimental results show that the activation
impedance significantly decreases with increasing temperature from 50°C to 65°C, while the
decrease becomes less obvious with increasing temperature from 65°C to 80°C. Moreover, we
compared the EIS results at different current densities (see Supplementary Figure 3). The
activation impedance decreased with increasing current density, which reflects the polarization
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329  characteristics well, and the mass transfer impedance increased because of the greater liquid

330  water consumption and higher oxygen production rates with increasing current density.
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332  Figure 2. Results of parameter estimation validated with the in-house experiments: comparison
333  of polarization curves and ohmic impedance between the simulation and experiment at
334  temperatures of 50°C, 65°C, and 80°C.
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Figure 3. Comparison of EIS results at temperatures of 50°C, 65°C, and 80°C and current
densities of (a) 0.2 Acm™2, (b) 0.6 Acm 2, and (c) 0.8 A cm™2.

In addition to our in-house experimental results, the proposed parameter estimation was
further applied to the experimental results from six papers in the literature [26—-31]. Marangio
et al. [26] reported the experimental work on PEMESs under high-pressure cathode conditions.
Figure 4 shows a comparison of the polarization curves between the simulation and the
experiment from Ref. [26]; the validity of the results demonstrates the universal applicability
of our developed PEME model and the parameter estimation method. The experimental details
for modeling, including the membrane type, thickness, and porosity of the APTL, in the in-
house experiments and Ref. [26] are listed in Table 1, and the corresponding values of the

estimated parameters are listed in Table 2. Additional comparison results, including
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361

polarization curves and/or ohmic impedance between the simulation and experiments, are

362 shown in Supplementary Figures 4-8 [27-31], and good agreement is achieved. The
363  experimental details and parameter estimation results in Refs. [27-31] are listed in
364  Supplementary Tables 5 and 6, respectively.
2.6
o 55°C 10bar Exp. [26] 5
241 55°C 10bar Sim. '
A 40°C 70bar Exp. [26]
2.29 —40°C 70bar Sim.
- ]
% 2.0—_
= 1.81
> ]
1.6
144
12 T ¥ T ] T L4 T ! T Y T % T
00 02 04 06 08 1.0 1.2
365 Current density, A cm?
366  Figure 4. Results of parameter estimation validated with the experiments in Ref. [26]:
367  comparison of polarization curves between the simulation and experiment at temperatures and
368  cathode pressures of 55°C and 10 bar and 40°C and 70 bar.
369  Table 1. Experimental details for modeling [26].
Experimental APTL APTL
Membrane . :
source thickness porosity
In-house Nafion 115 260 um 0.5
(Figure 2)
Ref. [26] Nafion 117 / /
(Figure 4)
370  Table 2. Parameter estimation results [26].
Experimental s s Reon
\ -2 \ -2 @, a; km 2
source (A m™) (A m™) (Q m?)
In-house 9.163x10° 4.805x10° 0.272 0.312 1.781 9.501x10°
(Figure 2)
Ref .[26] 7.387x10" 5.865x10° 0.1474 0.1477 1.169 3.109x10°®
(Figure 4)
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In summary, the effectiveness of the proposed parameter estimation method was
demonstrated through in-house experiments and experiments reported in the literature.
3.2 ACL

The effects of the structural parameters of the APTL have been widely investigated
[14,17], whereas the effects of the ACL have rarely been reported. In this section, the effects
of ACL porosity, permeability, and thickness are investigated and discussed.

Figures 5(a), 5(b), and 5(c) show the polarization curves, efficiency, and liquid saturation
at the interface of the ACL and membranes with different ACL porosities. The length of the
through-plane direction in Figure 5(d) was rescaled for a better view because of the large
differences in thickness between the different layers. As shown in Figure 5(a), the voltage of
the PEME increases gradually with increasing current density under normal conditions;
however, it may increase significantly when the current density reaches a certain value. From
Figure 5(c), we can also see that the liquid saturation at the ACL—membrane interface decreases
gradually with increasing current density and then drops to near zero. This current density is
called the limiting current density of the PEME. The liquid water supply rate into the ACL and
the oxygen discharge rate out of the ACL were insufficient, leading to severe reactant starvation
at the limiting current density. Within the modeling range of the ACL porosities, increasing the
ACL porosity increases the liquid saturation at the ACL-membrane interface and limit the
current density. The limiting current densities are 0.5, 1.3, and 4.1 A cm™2 at ACL porosities

of 0.2, 0.25, and 0.3. This would become >5.0 A cm2 when further increasing the ACL
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porosity, but note that this result is derived only from the view of mass transport and liquid

saturation inside the ACL in our investigated range.
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Figure 5. Effect of the ACL porosity: (a) polarization curves, (b) efficiency, (c) liquid saturation
at the ACL-membrane interface, and (d) liquid saturation distribution at a current density of
0.5 A cm 2 with ACL porosities of 0.2, 0.25, 0.3, 0.35, and 0.4.

To better understand the porosity effect, observer the liquid saturation distribution at a
current density of 0.5 A cm™2 with different ACL porosities, as shown in Figure 5(d). A liquid
saturation jump at the interface between the APTL and ACL was clearly observed. The lower
porosity of the ACL can lead to a sharp decrease in liquid saturation from the APTL side to the
ACL side. According to the Leverett function of Egs. 8 and 9, the capillary pressure is generally

a decreasing function of the liquid saturation when the anode is hydrophilic. Consequently,
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increasing ACL porosity can improve liquid saturation on the ACL side at the APTL-ACL
interface. Moreover, we can also find that the liquid saturation gradient inside the ACL is
insignificant. In other words, the liquid saturation jump effect was much more evident than the
effect of changing the liquid saturation gradient inside the ACL by changing the ACL porosity.

Figure 6 shows the effect of different ACL permeabilities on PEME performance.
Interestingly, both liquid saturation at the ACL-interface and the limiting current density
decreased with increasing ACL permeability. Figure 6(d) shows the liquid saturation
distribution at a current density of 0.5 A cm~2 with different ACL permeabilities. Decreasing
ACL permeability would increase the liquid transport resistance inside the ACL, while it would
increase the liquid saturation on the ACL side at the APTL-ACL interface caused by the liquid
saturation jump effect. Based on these results, the liquid saturation jump effect is more evident
than the effect of increasing the liquid transport resistance inside the ACL by decreasing the
ACL permeability. Meanwhile, although the liquid pressure decreased and the gas pressure
increased from the channel to the membrane along the through-plane direction in the anode
(see Supplementary Figure 10), the liquid saturation on the ACL side could still be higher than
that on the APTL side by properly adjusting the ACL permeability (to 1.0 X 1072 m?). It should
also be noted that permeability and porosity are two closely related parameters, and it is
difficult to alter one while keeping the other unchanged. Because of the complex internal
microstructure of CLs, the detailed numerical relationship between porosity and permeability

was not considered in this study. Therefore, Figures 5 and 6 only represent the effects of
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porosity and permeability, which might lead to a much lower limiting current density in some

cases.
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Figure 6. Effect of the ACL permeability: (a) polarization curves, (b) efficiency, (c) liquid
saturation at the interface of the ACL and membrane, and (d) liquid saturation distribution at
the current density of 0.5 A cm with the ACL permeabilities of 1.0 X102 m?, 1.5X 102 m?,
2.0X10*2m? 25X 102 m?, and 3.0 X 102 m?,

Figure 7 shows the effect of different ACL thicknesses on PEME performance. The PEME
voltage at a certain current density increased with increasing ACL thickness because the proton
transport distance and ohmic impedance increased. Liquid saturation at the ACL-membrane
interface and the limiting current density also decreased with increasing ACL thickness. Figure
7(d) shows the liquid saturation distribution at a current density of 2.0 A cm™2 with different

ACL thicknesses. Note that the ACL thicknesses are different for the five cases, although the
23
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points at the ACL—membrane interface have the same horizontal axis coordinates. The liquid
saturation drop gradient inside the ACL increased with increasing ACL thickness owing to the
greater transport distance. It should also be noted that the liquid saturation at the CCL—
membrane interface is higher than that at the ACL-membrane interface because the water
consumption rate in the anode and the crossover flux by EOD from the anode to the cathode

are both high at a high current density.
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Figure 7. Effect of the ACL thickness: (a) polarization curves, (b) efficiency, (c) liquid
saturation at the interface of the ACL and membrane, and (d) liquid saturation distribution at
the current density of 2.0 A cm2 with the ACL thicknesses of 5um, 10um, 15um, 20um, and
25um.

Overall, the results demonstrate that the effects of the ACL on the liquid saturation

distribution and PEME performance, including the liquid saturation jump effect and mass and
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proton transport inside the ACL, are critical and cannot be ignored, even though the thickness
of the ACL is much less than that of the APTL.
3.3 Cathode high-pressure operation

The PEME cathode is usually under high pressure for the direct production of high-
pressure hydrogen. This can save significant pump energy for hydrogen compression. In this
section, the effects of cathode pressure and membrane permeability on PEME performance and
its water transport characteristics during high-pressure cathode operation are discussed.

Figure 8(a)-8(d) show PEME performance and the liquid saturation distribution under
cathode pressures of 1, 10, 30, and 50 bars, with the anode maintained at normal pressure (1
atm). First, the PEME voltage increased with increasing cathode pressure owing to the
increased reversible voltage. More electrical energy is required to directly produce high-
pressure hydrogen. Moreover, it should be noted that the limiting current density also increases
with increasing cathode pressure. We found that liquid saturation at the ACL-membrane
interface increased with increasing cathode pressure and decreased at the CL-membrane
interface. Figures 8(e) and 8(f) show the water crossover flux from the anode to cathode at
current densities of 2.0 and 4.0 A cm2 We found that the direction of total water crossover
was from the anode to the cathode, and EOD was always dominant among the three
mechanisms. The flux attributed to hydraulic permeation can be neglected even when the anode
and cathode pressures are the same. This becomes obvious when the cathode pressure is
increased to tens of bars and its direction is from the cathode to the anode. The EOD flux from
the anode to the cathode increased almost linearly with the current density. The factor leading
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to the limiting current density was a low or near-zero liquid saturation in the ACL with
increasing current density. At a deeper level, the increasing water consumption rate from anode
electrochemical reactions and the increasing water crossover flux from EOD with increasing
current density simultaneously cause insufficient water in the ACL. Increasing the cathode
pressure can promote water crossover from the cathode to the anode to improve the liquid
saturation in the ACL. Diffusion flux is generally low because the ionomers in the anode and
cathode are both in saturated vapor and the membrane water content difference is relatively
small. In summary, increasing the cathode pressure can be viewed as an effective solution for
water management inside a PEME, which can increase the limiting current density to a certain
extent.

With the cathode high-pressure effect on PEME performance and water transport
elucidated, the effect of membrane permeability can be easily explained. Figure 9 shows the
results for different membrane permeabilities with the cathode pressure set to 10 bars. In
cathode high-pressure operation, increasing the membrane permeability can improve water
crossover by hydraulic permeation, which benefits water management inside the PEME and

increases the limiting current density.
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Figure 9. Effect of the membrane permeability in the high-pressure conditions: (a) polarization
curves, (b) efficiency, (c) liquid saturation at the interface of the ACL and membrane, and (d)
liquid saturation distribution at the current density of 4.0 A cm2; water crossover flux from the
anode to cathode at the current densities of (e) 2.0 A cm2, and (f) 4.0 A cm™ with the membrane
permeabilities of 0.6 X 10718 m2, 0.8 X108 m?, 1.0X108 m? 1.2X 10" m?, and 1.4X 108

m?2.
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4. Conclusion

In this study, a two-phase analytical model of a PEME was developed that accounts for
the liquid saturation jump effect. An intelligent method of parameter estimation using a GA
was proposed to achieve high efficiency and automatic model validation. The effects of the
ACL and high-pressure operation of the cathode on PEME performance and its two-phase
characteristics were further investigated.

The EIS results from our in-house experiments showed that both ohmic and activation
impedances decreased with increasing temperature and mass transfer impedance became
obvious at a high current density. The proposed parameter estimation method was employed
in in-house experiments and experiments from six papers in the literature, including
polarization curves and ohmic impedances at different temperatures and under high-pressure
operation. Very good agreement was achieved, and the effectiveness of the proposed parameter
estimation method was demonstrated.

The PEME voltage might significantly increase when the current density reaches the
limiting current density, and liquid saturation at the ACL-membrane interface would drop to
nearly zero in this case. Increasing the ACL porosity increased the limiting current density
within the investigated range through a mechanism in which the increasing ACL porosity
improves liquid saturation on the ACL side at the APTL-ACL interface owing to the liquid
saturation jump effect. Interestingly, the limiting current density increases with decreasing
ACL permeability. This demonstrates that the liquid saturation jump effect on improving liquid
saturation on the ACL side at the APTL-ACL interface is more obvious than the influence of
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increasing the liquid transport resistance inside the ACL by decreasing ACL permeability. The
limiting current density decreases with increasing ACL thickness. Therefore, the effects of the
ACL on the liquid saturation distribution and PEME performance cannot be ignored, although
the thickness of the ACL is much less than that of the APTL. The simulation results show that
the limiting current density could reach >5 A cm2 through proper design of the ACL
parameters.

For high-pressure operation of the cathode, the limiting current density increased with
increasing cathode pressure. EOD from the anode to the cathode is generally dominated by
different water crossover mechanisms at normal pressure. At a high cathode pressure, the
hydraulic permeation from the cathode to the anode was enhanced to improve liquid saturation
in the ACL. The effects of membrane permeability on PEME performance were similar.
Overall, increasing the cathode pressure and membrane permeability generally benefits water
management inside the PEME and therefore increases the limit current density under cathode
high-pressure operation. The methods proposed in this study and the detailed results can guide
the design of cells and operating conditions for future PEME studies.
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Figure and table captions

Figure 1. Schematic of the PEME model and basic materials.

Figure 2. Results of parameter estimation validated with the in-house experiments: comparison
of polarization curves and ohmic impedance between the simulation and experiment at
temperatures of 50°C, 65°C, and 80°C.

Figure 3. Comparison of EIS results at temperatures of 50°C, 65°C, and 80°C and current
densities of (a) 0.2 Acm™2, (b) 0.6 Acm 2, and (c) 0.8 A cm™2.

Figure 4. Results of parameter estimation validated with the experiments in Ref. [26]:
comparison of polarization curves between the simulation and experiment at temperatures and
cathode pressures of 55°C and 10 bar and 40°C and 70 bar.

Figure 5. Effect of the ACL porosity: (a) polarization curves, (b) efficiency, (c) liquid saturation
at the ACL-membrane interface, and (d) liquid saturation distribution at a current density of
0.5 A cm™2 with ACL porosities of 0.2, 0.25, 0.3, 0.35, and 0.4.

Figure 6. Effect of the ACL permeability: (a) polarization curves, (b) efficiency, (c) liquid
saturation at the interface of the ACL and membrane, and (d) liquid saturation distribution at
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the current density of 0.5 A cm with the ACL permeabilities of 1.0 X 1012 m?, 1.5X 102 m?,
2.0X10%” m? 2.5X10% m? and 3.0 X 10 m2.

Figure 7. Effect of the ACL thickness: (a) polarization curves, (b) efficiency, (c) liquid
saturation at the interface of the ACL and membrane, and (d) liquid saturation distribution at
the current density of 2.0 A cm with the ACL thicknesses of 5um, 10um, 15um, 20um,
and 25um.

Figure 8. Effect of the cathode pressure in the high-pressure conditions: (a) polarization curves,
(b) efficiency, (c) liquid saturation at the interface of the ACL and membrane, and (d) liquid
saturation distribution at the current density of 4.0 A cm?; water crossover flux from the anode
to cathode at the current densities of () 2.0 A cm?, and (f) 4.0 A cm™ under the cathode
pressure of 1 bar, 10 bar, 30 bar, and 50 bar.

Figure 9. Effect of the membrane permeability in the high-pressure conditions: (a) polarization
curves, (b) efficiency, (c) liquid saturation at the interface of the ACL and membrane, and (d)
liquid saturation distribution at the current density of 4.0 A cm2; water crossover flux from the
anode to cathode at the current densities of (e) 2.0 A cm2, and (f) 4.0 A cm™ with the membrane
permeabilities of 0.6 X 10718 m2, 0.8 X108 m?, 1.0X108 m? 1.2X 10" m?, and 1.4X 1018
m2,

Table 1. Experimental details for modeling [26].

Table 2. Parameter estimation results [26].
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