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Abstract 14 

The proton exchange membrane electrolyzer (PEME) is a promising tool for hydrogen 15 

production, and internal two-phase transport significantly influences its performance. In this 16 

study, a two-phase analytical PEME model incorporating the liquid saturation jump effect was 17 

developed, and intelligent parameter estimation using a genetic algorithm was proposed to 18 

achieve high-efficiency model validation. In-house experiments and experimental results from 19 

numerous papers in the literature were employed to prove the effectiveness of the proposed 20 

intelligent parameter estimation. Moreover, the two-phase simulation results demonstrated that 21 

the PEME voltage increased significantly when the current density reached the limiting value, 22 

and the liquid saturation in the anode catalyst layer (ACL) dropped to nearly zero. Increasing 23 

ACL porosity, decreasing ACL permeability, and decreasing ACL thickness could increase the 24 
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limiting current density within the investigated range. The simulated limiting current density 25 

could be >5 A cm−2 through proper design of the ACL parameters. For high-pressure cathode 26 

operation, increasing the cathode pressure and membrane permeability generally benefits water 27 

management inside the PEME and therefore increases the limiting current density. This study 28 

provides critical support for the design of cells and operating conditions for future PEME 29 

studies.  30 

Keywords: Proton exchange membrane electrolyzer; intelligence parameter estimation; two-31 

phase characteristics; liquid saturation jump; anode catalyst layer; cathode high pressure.  32 

1. Introduction  33 

Hydrogen is a clean, renewable energy source. It is widely recognized that large-scale 34 

hydrogen utilization can achieve energy diversity, promote the decarbonization process, and 35 

buffer the worldwide greenhouse effect [1,2]. Achieving highly efficient, low-cost hydrogen 36 

production is a prerequisite for promoting hydrogen energy utilization. Water electrolysis for 37 

hydrogen production can be properly integrated with various renewable sources (i.e., 38 

fluctuating solar, wind, and hydroelectric sources) and is thus considered a promising method 39 

for the future [3]. Among the different types of water electrolyzers, the proton exchange 40 

membrane electrolyzer (PEME) has attracted increasing attention in recent years owing to its 41 

advantages such as high-current-density operation, high purity of the produced hydrogen, and 42 

simplicity of its system [4]. 43 

PEMEs have a sandwich structure consisting of an anode, a cathode, and a membrane; the 44 

anode or cathode side includes a flow field (channel), porous transport layer (PTL), and catalyst 45 
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layer (CL). In PEME operation, electricity is supplied to the cell. Liquid water is supplied and 46 

consumed at the anode, and oxygen is produced and removed. Hydrogen is produced at the 47 

cathode, and water can be transferred across the membrane to the cathode. The electrochemical 48 

reactions inside the PEME are as follows: 49 

anode: 
2 2

1
H O 2H + O +2e

2

+ −→  50 

cathode: 22H +2e H+ − →  51 

overall: 2 2 2

1
H O+electricity H + O

2
→  52 

Owing to the supply of liquid water and the production of gaseous O2, complex two-phase 53 

flow and mass transport can significantly influence PEME performance [5–9]. Yuan et al. [5] 54 

comprehensively reviewed studies on bubble evolution and two-phase transport inside PEMEs. 55 

They summarized the complex effect of bubble evolution in PEMEs: Although bubble 56 

evolution can reduce the mass transfer loss near the activation surface by reducing the local 57 

gas supersaturation, it can also increase the activation loss by covering the activation surface. 58 

Panchenko et al. [6] visualized the two-phase flow inside an anode PTL (APTL) via neutron 59 

imaging. They observed the pulsed characteristics of liquid-oxygen transport during long-term 60 

operation, which led to fluctuations in cell performance. Obvious mass transport congestion 61 

and unstable cell performance were observed when the stoichiometry ratio of the supplied 62 

liquid water was 100, whereas the phenomenon was mitigated when it was 350 and 600. They 63 

also observed more significant gas accumulation under the shoulder in the APTL than under 64 

the channel. Wang et al. [7] used a novel thin–tunable liquid–gas diffusion layer (TT-LGDL) 65 

as the APTL and observed the internal two-phase flow in situ using a transparent cell and a 66 
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high-speed camera. They found that the number of large bubble slugs decreased when using 67 

TT-LGDL rather than Ti felt as an APTL. The bubble density significantly increased for the 68 

TT-LGDL, and the bubble size decreased, which promoted bubble escape from the reaction 69 

sites. Majasan et al. [8] visualized the two-phase flow behavior in a flow-field plate using a 70 

transparent cell and a high-speed camera. Long, continuous bubble slugs were observed in a 71 

serpentine flow field. A PEME with a parallel flow field exhibited better performance at a 72 

higher current density than that with serpentine.  73 

Experimental visualization is generally restricted by the use of specialized instruments 74 

and installations and is usually expensive and time-consuming. Numerical and simulation 75 

studies can also elucidate the two-phase characteristics at relatively low cost [10–15]. 76 

Falcão and Pinto [10] reviewed the main modeling studies and basic modeling methods of 77 

PEMEs with different degrees of complexity, focusing on empirical and semi-empirical models. 78 

Arbabi et al. [11] simulated the formation and propagation of oxygen bubbles inside an APTL 79 

using the volume-of-fluid method and compared the bubble breakthrough path with the 80 

experimental results. Wu et al. [12] and Xu et al. [13] proposed an integration method for the 81 

three-dimensional two-phase PEME full-cell model and volume-of-fluid model of the anode 82 

flow field. The two-phase characteristics and bubble slug in the anode flow field were 83 

simulated using the volume-of-fluid method, which was further applied in the full-cell model 84 

as a boundary condition at the interface between the flow field and the APTL. The simulated 85 

polarization curves exhibited better agreement with the experimental results than those of the 86 

single full-cell model. In addition to the complex three-dimensional model, analytical and 87 
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reduced-dimensional models can be used to predict the two-phase characteristics of PEMEs 88 

with a low computational overhead and high efficiency. Han et al. [14] developed a two-phase 89 

mathematical model for a PEME anode. The modeling results showed that the PEME voltage 90 

exhibited a sudden increase, when the current density reached a limiting value. Moreover, the 91 

influence of APTL parameters on the limiting current density was investigated. Increasing the 92 

APTL porosity, decreasing its contact angle, and decreasing its thickness can increase the 93 

limiting current density. Lee et al. [15] developed a pore network model to generate a realistic 94 

microstructure of PTLs in PEMEs via a stochastic algorithm and investigated the effects of 95 

PTL–catalyst-coated membrane (CCM) contact, pore size, and porosity on internal two-phase 96 

transport. Based on their numerical results, they proposed an optimized electrode design by 97 

adding a microporous layer between the PTL and the CCM to reduce the transfer resistance at 98 

the PTL–CCM interface and enhance cell performance. Therefore, the PEME model can 99 

predict the two-phase characteristics and connect them with PEME performance.  100 

Validation with experimental results is necessary for PEME modeling [16–21]. There are 101 

many critical modeling parameters, and their values under different and complex conditions 102 

are very difficult to accurately obtain experimentally, especially for electrochemical parameters. 103 

Sartory et al. [16] developed a semi-empirical PEME model and fitted the empirical parameters 104 

to the experimental results. Garcia-Salaberri [17] developed a one-dimensional, two-phase, 105 

nonisothermal PEME model. Electrochemical parameters, such as the exchange current density 106 

of the anode, significantly influence PEME performance. Aouali et al. [18] developed 107 

electrochemical and thermodynamic models of PEMEs. The modeling results were compared 108 
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with the experimental results to determine the electrochemical parameters, including the 109 

exchange current densities, charge transfer coefficients, and membrane conductivity. Therefore, 110 

parameter estimation, that is, choosing the proper values of these parameters to guarantee 111 

model validation, is a critical process. However, manually adjusting these parameters is either 112 

inefficient or invalid. 113 

In this study, a two-phase analytical model for a PEME was developed. The phenomenon 114 

of a liquid saturation jump that occurs at the interface of layers with different porous parameters 115 

in the electrode is introduced in the model. An intelligent method for parameter estimation that 116 

can achieve high efficiency and automatic model validation is then proposed. Moreover, the 117 

effects of the anode catalyst layer (ACL) and cathode high-pressure operation on PEME 118 

performance and its two-phase characteristics have been investigated.  119 

2. Methods 120 

2.1 Experimental  121 

2.1.1 Materials 122 

A commercial CCM (manufactured by Wuhan WUT HyPower Technology) was used in 123 

this study. It consists of a membrane of Nafion 115, an anode catalyst of IrO2 with a loading 124 

of 2.0 mg cm−2, and a cathode catalyst of Pt/C with a loading of 0.8 mg cm−2. Titanium felt 125 

with an IrO2 plating layer was used as the APTL. The initial porosity and thickness of the 126 

titanium felt are 0.5 and 260 μm, respectively. The plating solution was prepared using 127 

chloroiridic acid, sodium nitrate powder, and isopropanol under stirring, and the IrO2 loading 128 

was set to 1.0 mg cm−2. The titanium felt was initially treated with concentrated hydrochloric 129 
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acid at 60℃ to form titanium hydride on the surface to protect the base material. For the plating 130 

process, the titanium felt was covered by the solution and then dried in the oven at 60℃. This 131 

process was repeated until the solution was exhausted. Then, the titanium felt was heated in a 132 

muffle furnace, with the temperature gradually increased at 2℃ min−1 and then kept at 350℃ 133 

for 1 h to finish the APTL preparation. The anode flow-field plate was a gold-plated titanium 134 

plate with a parallel flow field. The cathode PTL (CPTL) and flow-field plate consisted of 135 

carbon paper (Toray, TGP-H-060) and a carbon plate with a parallel flow field, respectively. 136 

Some of the basic materials are presented in Figure 1.  137 

 138 

Figure 1. Schematic of the PEME model and basic materials. 139 

2.1.2 Experimental setup  140 

The PEME was prepared using end plates, current collector plates, flow-field plates, an 141 

APTL, a CPTL, and a CCM. The cell activation area was 5×5 cm2. The torque was set at 2 N 142 

m to assemble the cells. The cell and experimental setup are shown in Supplementary Figure 143 

1. Before the test, a leak test was conducted via pressure maintenance. The cell was connected 144 
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to a testing bench, and nitrogen was supplied to the anode and cathode at the dead end. The 145 

nitrogen supply was terminated when the inlet pressure reached 50 kPa. If the pressure drop 146 

was <2 kPa in 10 min, good gas tightness of the cell was achieved for further testing. A 147 

peristaltic pump supplied water to the cell, and a DC-regulated power supply supplied 148 

electricity. For the polarization curve test, the cell was operated in the constant-current mode. 149 

We recorded the voltage and current when the voltage remained constant for 2 min as a data 150 

point and then increased the current for the next point. An electrochemical station (Zahner 151 

Zennium E) was used for the electrochemical impedance spectroscopy (EIS) diagnosis. A 152 

sinusoidal current was adopted as the disturbance, and its amplitude and frequency range were 153 

10% of the real-time current and 100 kHz to 0.1 Hz, respectively. The operating temperatures 154 

were 50℃, 65℃, and 80℃.  155 

2.2 PEME two-phase model  156 

A schematic of the PEME model is shown in Figure 1. The PEME includes an anode 157 

channel, an APTL, an ACL, a membrane, a cathode CL (CCL), a CPTL, and a cathode channel. 158 

To simplify the model, the following assumptions were made: The PEME operates in a steady 159 

and isothermal state, and the flow in the channels is laminar. The ideal gas law was applied to 160 

the gases at the anode and cathode. To simplify the complex gas–liquid two-phase flow in the 161 

channels, the velocity of the gas in the channels was taken to be the same as that in the liquid, 162 

and the pressure drop in the channels was neglected. The cathode gas was hydrogen with 163 

humidified water vapor.  164 

 165 
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2.2.1 Governing equations 166 

Gas and liquid two-phase transport in the porous electrode is introduced in this section. 167 

Mass conservation can be expressed as 168 

( ) 0  =u            (1) 169 

Momentum conservation in the porous electrode is simplified by using Darcy’s law 170 

0K k
p


u =            (2) 171 

Combining the above two equations of gas and liquid phases gives 172 

0 lq

lq lq

lq

0
K k

p


 
   = 

 
 

         (3) 173 

0 g

g g

g

0
K k

p


 
   = 

 
 

         (4) 174 

4

lq lqk s=             (5) 175 

( )
4

g lq1k s= −            (6) 176 

where   (in kg m−3) is the density, u  ( in m s−1) is the velocity, 
0K  (in m2) is the intrinsic 177 

permeability of the porous medium, k  is the relative permeability of the gas or liquid phase, 178 

  (in N s m−2) is the dynamic viscosity, p  (in pascals) is the pressure, s  is the saturation 179 

or volume fraction of the gas or liquid phase, and subscripts lq and g represent liquid and gas 180 

phases, respectively.  181 

In porous media, the capillary pressure is the pressure difference between the gas and 182 

liquid pressures: 183 

c g lqp p p= −            (7) 184 

It can also be connected to liquid saturation through the Leverett function lq( )J s : 185 
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0.5

c lq lq

0

cos ( )p J s
K


 

 
=  

 
        (8) 186 

with 187 

( ) ( ) ( )
2 3

lq lq lq

lq
2 3

lq lq lq

1.42 1 2.12 1 1.26 1 ,     <90
( )

1.42 2.12 1.26 ,    90

s s s
J s

s s s

 − − − + −
= 

− + 




 (9) 188 

where 
cp  (in Pa) is the capillary pressure, 

lq  (in N m−1) is the surface tension coefficient of 189 

liquid water, and   (in degrees) and   are the contact angle and porosity of the porous 190 

medium, respectively. The expression for the Leverett function differs for hydrophilic and 191 

hydrophobic surfaces. Porous electrodes generally consist of two different layers (PTL and CL) 192 

with different structural parameters. For the interface between the PTL and the CL, the values 193 

of the gas and liquid pressures are continuous, and the values of the liquid saturation on the 194 

two sides of the interface differ because of the different parameters of the two adjacent porous 195 

layers. This phenomenon is called the liquid saturation jump and is considered in the model.  196 

2.2.2 Water crossover  197 

Water transport across the membrane is a critical process inside the PEME that directly 198 

influences the species distributions at the anode and cathode. It is generally driven by three 199 

mechanisms: electro-osmotic drag (EOD), diffusion by the membrane water content difference, 200 

and hydraulic permeation by the liquid pressure difference between the anode and cathode. 201 

Their crossover fluxes can be calculated as follows: 202 

lq,cro lq,hyd lq,dmw lq,ndJ J J J= + +          (10) 203 

lq,nd d

I
J n

F
=             (11) 204 

( )mw a cm

lq,dmw

m

D
J

EW

 



−
=          (12) 205 
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lq,cl-mem,a lq,cl-mem,cm

lq,hyd lq

lq m

p pK
J c

 

−
=         (13) 206 

where 
lq,croJ  (in mol m−2 s−1) is the total water crossover flux; 

lq,ndJ , 
lq,dmwJ , and 

lq,hydJ  (in mol 207 

m−2 s−1) are the water crossover fluxes by EOD, membrane water diffusion, and hydraulic 208 

permeation, respectively; 
dn  is the EOD coefficient; I  (in A m−2) is the current density; F  209 

(= 96,485 C mol−1) is the Faraday constant; 
m  (in kg m−3) is the density of the dry membrane; 210 

EW  (in kg mol−1) is the equivalent weight of the membrane; 
mwD  (in mol s−2 s−1) is the 211 

diffusivity of membrane water; 
a and 

c  are the membrane water content in ACL and CCL, 212 

respectively; 
m  (in meters) is the membrane thickness; 

lqc  (in kg m−3) is the liquid water 213 

density; 
mK  (in m2) is the permeability of the membrane; and 

lq,cl-mem,ap  and 
lq,cl-mem,cp  (in 214 

pascals) are the liquid pressure at the interface between the CL and membrane of the anode and 215 

cathode, respectively. The direction of 
lq,croJ  was from the anode to the cathode.  216 

2.2.3 Electrochemical model  217 

The input voltage of the PEME at a certain current density consists of reversible voltage, 218 

activation overpotential, and ohmic overpotential:  219 

oc act,a act,c ohmV E   = + + +         (14) 220 

where ocE  (in volts) is the reversible voltage, 
act,a  and 

act,c  (in volts) are the activation 221 

overpotentials of the anode and cathode, respectively, and ohm  (in volts) is the ohmic 222 

overpotential.  223 

The reversible voltage can be calculated by using the Nernst equation with a temperature 224 

correction:  225 

( ) ( )3

oc a c1.229 0.9 10 298 ln
2

RT
E T p p

F

−  = −  − +
 

   (15) 226 
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where 
ocV  (in volts) is the reversible voltage, T  (in kelvins) is the temperature, and R  227 

(=8.31 J K−1 mol−1) is the ideal gas constant.  228 

The relationship between the current density and activation overpotential of the anode and 229 

cathode can be described by the Butler–Volmer equation [13]  230 

( )a act,a a act,a2

lq 0,a

4 4 1
exp exp

F F
I s i

RT RT

    −  
=  − −    

    

   (16) 231 

( )c act,c c act,c

0,c

2 2 1
exp exp

F F
I i

RT RT

    −  
= − −    

    

   (17) 232 

4

0,a ref,a

7.6 10 1 1
exp

298
i i

R T

 −   
= −  

  
      (18) 233 

4

0,c ref,c

1.8 10 1 1
exp

298
i i

R T

 −   
= −  

  
      (19) 234 

where 
lqs  represents the liquid saturation at the interface between the anode CL (ACL) and 235 

the membrane; 
0,ai  and 

0,ci  (in A m−2) are the exchange current densities of the anode and 236 

cathode, respectively; 
a  and 

c  are the charge transfer coefficients of the anode and 237 

cathode, respectively; and 
ref,ai  and 

ref,ci  (in A m−2) are the reference exchange current 238 

densities of the anode and cathode, respectively. The first and second terms in Eqs. 16 and 17 239 

represent the forward and reverse reaction rates, respectively. When the PEME is used for 240 

hydrogen production, the forward reaction dominates, and the second item can be neglected. 241 

Therefore, the activation overpotential can be expressed as 242 

act,a 2

a 0,alq

1
ln

4

RT I

F is




 
=  

 
 

         (20) 243 

act,c

c 0,c

ln
2

RT I

F i




 
=   

 

         (21) 244 
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The ohmic overpotential is mainly caused by proton conduction in the membrane resulting 245 

from the much smaller conductivity of protons than the electronic conductivity of the porous 246 

medium. Proton conduction in the ionomers of the CLs should also be considered, and the 247 

transport distance was assumed to be half of the CL thickness. Furthermore, titanium felt is a 248 

common material used in APTLs for PEMEs; it can generally cause non-negligible contact 249 

resistance, which is considered in the present study. The Ohmic overpotential was calculated 250 

using the Ohmic law  251 

cl,a cl,cmem

ohm con

m m,cl,a m,cl,c2 2
V R I

 

  

 
= + + +  
 

      (22) 252 

where 
cl,a  and 

cl,c  are the thicknesses of the anode and cathode CLs, respectively; 
m  (in S 253 

m−1) is the proton conductivity of the membrane; 
m,cl,a  and 

m,cl,c  (in S m−1) are the proton 254 

conductivities in the ionomer of the anode and cathode CLs, respectively; and conR  (in 2Ω m ) 255 

is the contact resistance inside the PEME. Membrane conductivity is related to water content 256 

and temperature; therefore, the following correlation of Nafion with the correction factor was 257 

applied to the model: 258 

( )m m

1 1
0.5139 0.326 exp 1268

303
k

T
 

  
=  − −  

  
    (23) 259 

1.5

m,cl m  =            (24) 260 

where mk  is the correction factor for the proton conductivity of a detailed Nafion membrane 261 

and   is the ionomer fraction of the CL.  262 

2.2.4 Calculation procedure 263 

Mass transport inside the PEME occurs mainly along the through-plane direction. 264 

Consequently, the governing equations can be simplified as one-dimensional transport. For the 265 
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boundary conditions, the gas pressures at the interfaces of the PTL and the channel in the anode 266 

and cathode were equal to the inlet pressures at the anode and cathode, respectively. The liquid 267 

saturation at the interfaces of the PTL and channel can be calculated using mass conservation 268 

and the assumed gas/liquid velocity ratio in the channels (see the Supplemental Information), 269 

and the liquid pressure can also be obtained. At the ACL–membrane interface, liquid water is 270 

consumed, oxygen is produced from the electrochemical reaction, and water is transported to 271 

the cathode across the membrane. Hydrogen is produced from the electrochemical reaction at 272 

the CCL–membrane interface. The crossover water is primarily transformed into saturated 273 

water vapor at the cathode, and the residual water is discharged in the liquid state. The discrete 274 

analytical equations are listed in Supplementary Table 1. The materials, operating parameters, 275 

and other transport parameters are listed in Supplementary Tables 2 and 3 [13,18,22–25].  276 

2.3 Intelligence parameter estimation 277 

To ensure good agreement between the simulation results and experimental data, a genetic 278 

algorithm (GA) was applied to execute a high-efficiency, accurate, and automatic estimation 279 

of the critical modeling parameters. In the model, six critical parameters are uncertain and need 280 

to be estimated: the reference exchange current densities of the anode and cathode, charge-281 

transfer coefficients of the anode and cathode, correction factors for membrane conductivity, 282 

and contact resistance. The detailed procedure of the GA is shown in Supplementary Figure 2. 283 

The polarization curve and ohmic impedance are the two objectives to be measured; therefore, 284 

the fitness function f is constructed using the reciprocal of the sum of the squared errors of the 285 

two objectives: 286 
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( )( ) ( )( )
max max

min min

2 2

, , exp exp

1

, , , , , ,
I I

ref a ref c a c m con m con

I I

f

V i i k R V R k R R

=

−  −  

          (25) 287 

where V  (in volts) is the calculated voltage at a certain current density, which is a function of 288 

the six undetermined parameters; 
expV  (in volts) is the experimental voltage at the current 289 

density; R ( 2Ω m ) is the calculated ohmic impedance at a certain current density, which is a 290 

function of 
mk and 

conR ; 
expR  (in 2Ω m ) is the experimental ohmic impedance at the current 291 

density; and 
max

min

I

I

 represents the range of current densities in experiments. The range constraints 292 

of the six undetermined parameters, based on the literature [18,23], are listed in Supplementary 293 

Table 4. The GA program searches for a solution to maximize the fitness function; namely, it 294 

minimizes the errors between the calculated and experimental PEME performances.  295 

3. Results and discussion  296 

The results of the parameter estimation are presented first to illustrate the effectiveness of 297 

the proposed parameter estimation method. Subsequently, the effects of the ACL on PEME 298 

performance and its two-phase characteristics are discussed. Furthermore, the operation at a 299 

high cathode pressure is analyzed.  300 

3.1 Parameter estimation  301 

Parameter estimation was performed in our in-house experiments. Figure 2 shows a 302 

comparison of the polarization curves and ohmic impedances between the simulated and 303 

experimental results at three different temperatures. After the parameter estimation, the 304 

simulated results agreed well with the experimental data. The EIS results of the Nyquist plot at 305 

temperatures of 50℃, 65℃, and 80℃ for three current densities are shown in Figure 3. In the 306 

Nyquist plot, the ohmic impedance is caused by ion and electron transport, and it only presents 307 
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the resistance property without the capacitance property. Therefore, its imaginary part is zero, 308 

and the intersection point value of the real axis represents the ohmic impedance value. Because 309 

of the double-electrode layer effect, the activation impedance exhibited both resistance and 310 

capacitance properties. The first arc from the high-frequency section represents the activation 311 

impedance and its diameter reflects the value of the activation impedance. Mass transfer 312 

impedance is caused by inefficient mass transfer, such as liquid water supply and oxygen 313 

discharge in the anode, leading to a decrease in the liquid water content at the electrochemical 314 

reaction sites. The arc in the low-frequency section may appear under high-current-density 315 

conditions, representing mass transfer impedance. The EIS results have only one arc that 316 

represents the activation impedance in the low-current-density (0.2 A cm−2) condition, and it 317 

shows the two arcs that represent the obvious activation and mass transfer impedance with 318 

increasing current density (from 0.6 and 1.0 A cm−2). In our model, the mass transfer 319 

impedance is included in the activation impedance because the activation overpotential 320 

considers the effect of liquid water saturation, as shown in Eq. 16. As shown in Figure 2, the 321 

ohmic impedance decreased with increasing temperature owing to the increase in membrane 322 

conductivity. Increasing the temperature within a certain range also had a positive effect on 323 

reducing the activation impedance. The experimental results show that the activation 324 

impedance significantly decreases with increasing temperature from 50℃ to 65℃, while the 325 

decrease becomes less obvious with increasing temperature from 65℃ to 80℃. Moreover, we 326 

compared the EIS results at different current densities (see Supplementary Figure 3). The 327 

activation impedance decreased with increasing current density, which reflects the polarization 328 
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characteristics well, and the mass transfer impedance increased because of the greater liquid 329 

water consumption and higher oxygen production rates with increasing current density.  330 

 331 

Figure 2. Results of parameter estimation validated with the in-house experiments: comparison 332 

of polarization curves and ohmic impedance between the simulation and experiment at 333 

temperatures of 50℃, 65℃, and 80℃. 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 
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 346 

(a)                                (b) 347 

 348 

(c) 349 

Figure 3. Comparison of EIS results at temperatures of 50℃, 65℃, and 80℃ and current 350 

densities of (a) 0.2 A cm−2, (b) 0.6 A cm−2, and (c) 0.8 A cm−2. 351 

In addition to our in-house experimental results, the proposed parameter estimation was 352 

further applied to the experimental results from six papers in the literature [26–31]. Marangio 353 

et al. [26] reported the experimental work on PEMEs under high-pressure cathode conditions. 354 

Figure 4 shows a comparison of the polarization curves between the simulation and the 355 

experiment from Ref. [26]; the validity of the results demonstrates the universal applicability 356 

of our developed PEME model and the parameter estimation method. The experimental details 357 

for modeling, including the membrane type, thickness, and porosity of the APTL, in the in-358 

house experiments and Ref. [26] are listed in Table 1, and the corresponding values of the 359 

estimated parameters are listed in Table 2. Additional comparison results, including 360 
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polarization curves and/or ohmic impedance between the simulation and experiments, are 361 

shown in Supplementary Figures 4–8 [27–31], and good agreement is achieved. The 362 

experimental details and parameter estimation results in Refs. [27–31] are listed in 363 

Supplementary Tables 5 and 6, respectively.  364 

 365 

Figure 4. Results of parameter estimation validated with the experiments in Ref. [26]: 366 

comparison of polarization curves between the simulation and experiment at temperatures and 367 

cathode pressures of 55℃ and 10 bar and 40℃ and 70 bar. 368 

Table 1. Experimental details for modeling [26].  369 

Experimental 

source 
Membrane  

APTL 

thickness  

APTL 

porosity 

In-house 

(Figure 2) 
Nafion 115 260 μm  0.5 

Ref. [26] 

(Figure 4) 
Nafion 117 / / 

Table 2. Parameter estimation results [26]. 370 

Experimental 

source 
ref,ai  

(A m-2) 
ref,ai  

(A m-2) a  c  mk  conR  

(Ω m2) 

In-house 

(Figure 2) 
9.163×10-3 4.805×103 0.272 0.312 1.781 9.501×10-6 

Ref .[26] 

(Figure 4) 
7.387×10-1 5.865×103 0.1474 0.1477 1.169 3.109×10-5 
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In summary, the effectiveness of the proposed parameter estimation method was 371 

demonstrated through in-house experiments and experiments reported in the literature.  372 

3.2 ACL  373 

The effects of the structural parameters of the APTL have been widely investigated 374 

[14,17], whereas the effects of the ACL have rarely been reported. In this section, the effects 375 

of ACL porosity, permeability, and thickness are investigated and discussed.  376 

Figures 5(a), 5(b), and 5(c) show the polarization curves, efficiency, and liquid saturation 377 

at the interface of the ACL and membranes with different ACL porosities. The length of the 378 

through-plane direction in Figure 5(d) was rescaled for a better view because of the large 379 

differences in thickness between the different layers. As shown in Figure 5(a), the voltage of 380 

the PEME increases gradually with increasing current density under normal conditions; 381 

however, it may increase significantly when the current density reaches a certain value. From 382 

Figure 5(c), we can also see that the liquid saturation at the ACL–membrane interface decreases 383 

gradually with increasing current density and then drops to near zero. This current density is 384 

called the limiting current density of the PEME. The liquid water supply rate into the ACL and 385 

the oxygen discharge rate out of the ACL were insufficient, leading to severe reactant starvation 386 

at the limiting current density. Within the modeling range of the ACL porosities, increasing the 387 

ACL porosity increases the liquid saturation at the ACL–membrane interface and limit the 388 

current density. The limiting current densities are 0.5, 1.3, and 4.1 A cm−2 at ACL porosities 389 

of 0.2, 0.25, and 0.3. This would become >5.0 A cm−2 when further increasing the ACL 390 
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porosity, but note that this result is derived only from the view of mass transport and liquid 391 

saturation inside the ACL in our investigated range.  392 

 393 

(a)                               (b) 394 

 395 

(c)                               (d) 396 

Figure 5. Effect of the ACL porosity: (a) polarization curves, (b) efficiency, (c) liquid saturation 397 

at the ACL–membrane interface, and (d) liquid saturation distribution at a current density of 398 

0.5 A cm−2 with ACL porosities of 0.2, 0.25, 0.3, 0.35, and 0.4. 399 

To better understand the porosity effect, observer the liquid saturation distribution at a 400 

current density of 0.5 A cm−2 with different ACL porosities, as shown in Figure 5(d). A liquid 401 

saturation jump at the interface between the APTL and ACL was clearly observed. The lower 402 

porosity of the ACL can lead to a sharp decrease in liquid saturation from the APTL side to the 403 

ACL side. According to the Leverett function of Eqs. 8 and 9, the capillary pressure is generally 404 

a decreasing function of the liquid saturation when the anode is hydrophilic. Consequently, 405 
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increasing ACL porosity can improve liquid saturation on the ACL side at the APTL–ACL 406 

interface. Moreover, we can also find that the liquid saturation gradient inside the ACL is 407 

insignificant. In other words, the liquid saturation jump effect was much more evident than the 408 

effect of changing the liquid saturation gradient inside the ACL by changing the ACL porosity.  409 

Figure 6 shows the effect of different ACL permeabilities on PEME performance. 410 

Interestingly, both liquid saturation at the ACL–interface and the limiting current density 411 

decreased with increasing ACL permeability. Figure 6(d) shows the liquid saturation 412 

distribution at a current density of 0.5 A cm−2 with different ACL permeabilities. Decreasing 413 

ACL permeability would increase the liquid transport resistance inside the ACL, while it would 414 

increase the liquid saturation on the ACL side at the APTL–ACL interface caused by the liquid 415 

saturation jump effect. Based on these results, the liquid saturation jump effect is more evident 416 

than the effect of increasing the liquid transport resistance inside the ACL by decreasing the 417 

ACL permeability. Meanwhile, although the liquid pressure decreased and the gas pressure 418 

increased from the channel to the membrane along the through-plane direction in the anode 419 

(see Supplementary Figure 10), the liquid saturation on the ACL side could still be higher than 420 

that on the APTL side by properly adjusting the ACL permeability (to 1.0×10−12 m2). It should 421 

also be noted that permeability and porosity are two closely related parameters, and it is 422 

difficult to alter one while keeping the other unchanged. Because of the complex internal 423 

microstructure of CLs, the detailed numerical relationship between porosity and permeability 424 

was not considered in this study. Therefore, Figures 5 and 6 only represent the effects of 425 
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porosity and permeability, which might lead to a much lower limiting current density in some 426 

cases.  427 

 428 

(a)                            (b) 429 

 430 

(c)                            (d) 431 

Figure 6. Effect of the ACL permeability: (a) polarization curves, (b) efficiency, (c) liquid 432 

saturation at the interface of the ACL and membrane, and (d) liquid saturation distribution at 433 

the current density of 0.5 A cm-2 with the ACL permeabilities of 1.0×10-12 m2, 1.5×10-12 m2, 434 

2.0×10-12 m2, 2.5×10-12 m2, and 3.0×10-12 m2. 435 

Figure 7 shows the effect of different ACL thicknesses on PEME performance. The PEME 436 

voltage at a certain current density increased with increasing ACL thickness because the proton 437 

transport distance and ohmic impedance increased. Liquid saturation at the ACL–membrane 438 

interface and the limiting current density also decreased with increasing ACL thickness. Figure 439 

7(d) shows the liquid saturation distribution at a current density of 2.0 A cm−2 with different 440 

ACL thicknesses. Note that the ACL thicknesses are different for the five cases, although the 441 
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points at the ACL–membrane interface have the same horizontal axis coordinates. The liquid 442 

saturation drop gradient inside the ACL increased with increasing ACL thickness owing to the 443 

greater transport distance. It should also be noted that the liquid saturation at the CCL–444 

membrane interface is higher than that at the ACL–membrane interface because the water 445 

consumption rate in the anode and the crossover flux by EOD from the anode to the cathode 446 

are both high at a high current density. 447 

 448 

(a)                               (b) 449 

 450 

(c)                               (d) 451 

Figure 7. Effect of the ACL thickness: (a) polarization curves, (b) efficiency, (c) liquid 452 

saturation at the interface of the ACL and membrane, and (d) liquid saturation distribution at 453 

the current density of 2.0 A cm-2 with the ACL thicknesses of 5μm , 10μm , 15μm , 20μm , and 454 

25μm . 455 

Overall, the results demonstrate that the effects of the ACL on the liquid saturation 456 

distribution and PEME performance, including the liquid saturation jump effect and mass and 457 
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proton transport inside the ACL, are critical and cannot be ignored, even though the thickness 458 

of the ACL is much less than that of the APTL.  459 

3.3 Cathode high-pressure operation   460 

The PEME cathode is usually under high pressure for the direct production of high-461 

pressure hydrogen. This can save significant pump energy for hydrogen compression. In this 462 

section, the effects of cathode pressure and membrane permeability on PEME performance and 463 

its water transport characteristics during high-pressure cathode operation are discussed.  464 

Figure 8(a)–8(d) show PEME performance and the liquid saturation distribution under 465 

cathode pressures of 1, 10, 30, and 50 bars, with the anode maintained at normal pressure (1 466 

atm). First, the PEME voltage increased with increasing cathode pressure owing to the 467 

increased reversible voltage. More electrical energy is required to directly produce high-468 

pressure hydrogen. Moreover, it should be noted that the limiting current density also increases 469 

with increasing cathode pressure. We found that liquid saturation at the ACL–membrane 470 

interface increased with increasing cathode pressure and decreased at the CL–membrane 471 

interface. Figures 8(e) and 8(f) show the water crossover flux from the anode to cathode at 472 

current densities of 2.0 and 4.0 A cm−2. We found that the direction of total water crossover 473 

was from the anode to the cathode, and EOD was always dominant among the three 474 

mechanisms. The flux attributed to hydraulic permeation can be neglected even when the anode 475 

and cathode pressures are the same. This becomes obvious when the cathode pressure is 476 

increased to tens of bars and its direction is from the cathode to the anode. The EOD flux from 477 

the anode to the cathode increased almost linearly with the current density. The factor leading 478 
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to the limiting current density was a low or near-zero liquid saturation in the ACL with 479 

increasing current density. At a deeper level, the increasing water consumption rate from anode 480 

electrochemical reactions and the increasing water crossover flux from EOD with increasing 481 

current density simultaneously cause insufficient water in the ACL. Increasing the cathode 482 

pressure can promote water crossover from the cathode to the anode to improve the liquid 483 

saturation in the ACL. Diffusion flux is generally low because the ionomers in the anode and 484 

cathode are both in saturated vapor and the membrane water content difference is relatively 485 

small. In summary, increasing the cathode pressure can be viewed as an effective solution for 486 

water management inside a PEME, which can increase the limiting current density to a certain 487 

extent.  488 

With the cathode high-pressure effect on PEME performance and water transport 489 

elucidated, the effect of membrane permeability can be easily explained. Figure 9 shows the 490 

results for different membrane permeabilities with the cathode pressure set to 10 bars. In 491 

cathode high-pressure operation, increasing the membrane permeability can improve water 492 

crossover by hydraulic permeation, which benefits water management inside the PEME and 493 

increases the limiting current density.  494 

 495 
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 496 

(a)                               (b) 497 

 498 

(c)                               (d) 499 

 500 

(e)                               (f) 501 

Figure 8. Effect of the cathode pressure in the high-pressure conditions: (a) polarization curves, 502 

(b) efficiency, (c) liquid saturation at the interface of the ACL and membrane, and (d) liquid 503 

saturation distribution at the current density of 4.0 A cm-2; water crossover flux from the anode 504 

to cathode at the current densities of (e) 2.0 A cm-2, and (f) 4.0 A cm-2 under the cathode 505 

pressure of 1 bar, 10 bar, 30 bar, and 50 bar. 506 

 507 

 508 
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 509 

(a)                               (b) 510 

 511 

(c)                               (d) 512 

 513 

(e)                               (f) 514 

Figure 9. Effect of the membrane permeability in the high-pressure conditions: (a) polarization 515 

curves, (b) efficiency, (c) liquid saturation at the interface of the ACL and membrane, and (d) 516 

liquid saturation distribution at the current density of 4.0 A cm-2; water crossover flux from the 517 

anode to cathode at the current densities of (e) 2.0 A cm-2, and (f) 4.0 A cm-2 with the membrane 518 

permeabilities of 0.6×10-18 m2, 0.8×10-18 m2, 1.0×10-18 m2, 1.2×10-12 m2, and 1.4×10-18 519 

m2. 520 

 521 
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4. Conclusion  522 

In this study, a two-phase analytical model of a PEME was developed that accounts for 523 

the liquid saturation jump effect. An intelligent method of parameter estimation using a GA 524 

was proposed to achieve high efficiency and automatic model validation. The effects of the 525 

ACL and high-pressure operation of the cathode on PEME performance and its two-phase 526 

characteristics were further investigated.  527 

The EIS results from our in-house experiments showed that both ohmic and activation 528 

impedances decreased with increasing temperature and mass transfer impedance became 529 

obvious at a high current density. The proposed parameter estimation method was employed 530 

in in-house experiments and experiments from six papers in the literature, including 531 

polarization curves and ohmic impedances at different temperatures and under high-pressure 532 

operation. Very good agreement was achieved, and the effectiveness of the proposed parameter 533 

estimation method was demonstrated. 534 

The PEME voltage might significantly increase when the current density reaches the 535 

limiting current density, and liquid saturation at the ACL–membrane interface would drop to 536 

nearly zero in this case. Increasing the ACL porosity increased the limiting current density 537 

within the investigated range through a mechanism in which the increasing ACL porosity 538 

improves liquid saturation on the ACL side at the APTL–ACL interface owing to the liquid 539 

saturation jump effect. Interestingly, the limiting current density increases with decreasing 540 

ACL permeability. This demonstrates that the liquid saturation jump effect on improving liquid 541 

saturation on the ACL side at the APTL–ACL interface is more obvious than the influence of 542 
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increasing the liquid transport resistance inside the ACL by decreasing ACL permeability. The 543 

limiting current density decreases with increasing ACL thickness. Therefore, the effects of the 544 

ACL on the liquid saturation distribution and PEME performance cannot be ignored, although 545 

the thickness of the ACL is much less than that of the APTL. The simulation results show that 546 

the limiting current density could reach >5 A cm−2 through proper design of the ACL 547 

parameters. 548 

For high-pressure operation of the cathode, the limiting current density increased with 549 

increasing cathode pressure. EOD from the anode to the cathode is generally dominated by 550 

different water crossover mechanisms at normal pressure. At a high cathode pressure, the 551 

hydraulic permeation from the cathode to the anode was enhanced to improve liquid saturation 552 

in the ACL. The effects of membrane permeability on PEME performance were similar. 553 

Overall, increasing the cathode pressure and membrane permeability generally benefits water 554 

management inside the PEME and therefore increases the limit current density under cathode 555 

high-pressure operation. The methods proposed in this study and the detailed results can guide 556 

the design of cells and operating conditions for future PEME studies.  557 
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