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S2. Two phase pressure drop

The pressure drop of the multiphase flow is calculated by assuming the two-phase flow of gas and 
liquid. The gas phase is assumed to be a mixture of hydrogen and oxygen. Consequently, average 
density and viscosity of the mixture gas phase are used for the pressure drop calculation. These 
average properties are calculated by the following equations: 
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where  is the mole fraction of gas i,  is the density, and  is the viscosity.  and  are the 𝑦𝑖 𝜌 𝜇 �̅�𝐺 �̅�𝐺

average density and viscosity of the gas mixture. The mole fraction of hydrogen and oxygen in the 
water electrolysis reaction are  and , respectively.2/3 1/3

The flow quality ( ) and the gas volume fraction ( ) are needed to calculate the pressure drop. The 𝑥 𝛼
flow quality is can be expressed as below:
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where  and  are the mass flow rate of hydrogen and oxygen, respectively.  is the 
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total mass flow rate of the electrolyte and gas. The mass flow rate of gas products are calculated 
using Faraday’s electrochemical laws. The volume fraction of the mixture gas is defined as [1]:
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In equation (4),  is the electrolyte density. This equation assumes homogenous flow and unity 𝜌𝐿

gas/liquid velocity ratio.

The accelerational pressure drop is given by:
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where  is the cross sectional area. Subscripts in and out determine the inlet and outlet of the 𝐴
channel. Bubbles are being generated after the inlet. Therefore, the volume fraction of the gas 
phase is zero at the inlet.

The frictional pressure drop is calculated by the following equation [1]:
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where , , and  are the length of the channel, two-phase mixture density, and Reynolds 𝐿 𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑅𝑒
number.  is the direction of the flow. The Re is calculated by the following equation:𝑧
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In equation (7),  is the viscosity of the two-phase mixture.  and  are given 𝜇𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝜇𝑚𝑖𝑥𝑡𝑢𝑟𝑒
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S3. Effect of wall pores angle and size

Figure S2. a. Changing the wall pores angle from  to  does not affect the velocity distribution in the pores or the water 30° 60°
volume fraction in the middle channel. b. The velocity distribution in the pores remains uniform across the pores and the water 

volume fraction in the middle channel does not decrease when the pore size increases from  to .80 𝜇𝑚 160 𝜇𝑚



S4. Potentio Electrochemical Impedance Spectroscopy (PEIS)

Figure S3. a. PEIS measurement of the PE and PW electrolyzers b. a magnified view of the PEIS measurement below . 200 Ω

The electrolyte is 1 M sulfuric acid with  M PFOS. The electrolyte flow rate is 80 ml/h. In this measurement, the applied 10 ‒ 4

potential and the sinus amplitude are 2.0 V and 20 mV, respectively.



S5. Membrane-less electrolyzers

Figure S4. The current density (a), cross over (b), Re (c), and interelectrode distance (d) of membrane-less electrolyzers shown in 
Figure 9.

Some parameters in Figure S4 are calculated based on the data from the corresponding references. 
The data and calculated parameters for each reference are presented below:

The current density of the parallel electrodes electrolyzer of Hashemi et al. (2015) [2] is 71.5 
 with a 0.175 mm interelectrode distance. The liquid flow rate and the channel cross-𝑚𝐴/𝑐𝑚2

sectional area are 14 ml/h and , respectively. The hydraulic diameter of the channel 61 × 275 𝜇𝑚2

cross-section is used to calculate the Re. The electrolyte is 1 M sulfuric acid which its density and 
viscosity are  and  [3]. The cross over is extracted from Figure 5a of 1060 𝑘𝑔/𝑚3 0.001208 𝑃𝑎.𝑠
[2]. The current density and Re of the parallel electrodes membrane-less electrolyzer reported by 
Hashemi et al. (2019) [3] are 450  and 312, respectively. The cross over of this 𝑚𝐴/𝑐𝑚2

electrolyzer is extracted from Figure 6 of [3].

Gillespie et al. (2015) [4] reported a mesh electrodes electrolyzer working with 30% KOH 
electrolyte at . The interelectrode distance of this device is 3.5 mm. The average 3500 𝑚𝐴/𝑐𝑚2

cross-sectional velocity is 0.075 m/s across the electrode surface that has a  diameter. This 30 𝑚𝑚
velocity is used to calculate the velocity of the liquid at the periphery of the meshes which is 0.45 



m/s. The density and viscosity of the 30 % KOH solution at room temperature are 1288  𝑘𝑔/𝑚3

and 0.0023 Pa.s, respectively [5-7]. The hydraulic diameter of the peripheral area is used to 
calculate the Re. The crossover of hydrogen to the oxygen side is calculated by using the reported 
hydrogen and oxygen purities assuming that the impurity in the oxygen side is hydrogen. The Re 
of Gillespie et al. (2017) [8] and Gillespie et al. (2018) [9] is calculated with similar procedures. 
The temperature of the electrolyte is  in [9] and [8]. At this temperature, the density and 80°

viscosity of the 30 % KOH solution are 1260  and , respectively [5-7].𝑘𝑔/𝑚3 0.001 𝑃𝑎.𝑠

The membrane-less electrolyzer of O'Neil et al. (2016) [10] works at the current density of 
 with 2.8 % hydrogen cross over to the oxygen side. The liquid velocity is 0.265 m/s 100 𝑚𝐴/𝑐𝑚2

and the channel area is . The liquid electrolyte is 0.5 M sulfuric acid with density = 13 × 5 𝑚𝑚2

1030  and viscosity = . The Re is calculated by considering the hydraulic 𝑘𝑔/𝑚3 0.001102 𝑃𝑎.𝑠
diameter of the channel cross-section. The parallel electrodes electrolyzer of Pang et al. (2020) 
[11] has current density = , cross over = , and Re = 1004.400 𝑚𝐴/𝑐𝑚3 0.12 %

The working potential of these membrane-less electrolyzers is compared in Figure S5 at current 
density = . The potentials are extracted from the polarization curves. 300 𝑚𝐴/𝑐𝑚2

Figure S5. The working potential of membrane-less electrolyzers at current density = .300 𝑚𝐴/𝑐𝑚2
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