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Table S1. Polymer separators with various microhole array dimensions used in our experiments, 

as fabricated by femtosecond laser micromachining technique. 

Material Thickness 

(µm) 

Intended 

porosity 

Hole diameter 

(µm) 

Pitch (µm) Obtained 

Porosity 

Mylar 23 0.2 143.36 ± 3.54 234.43 ± 5.21 0.29 ± 0.05 

Mylar 23 0.2 442.13 ± 1.90 793.20 ± 30.00 0.24 ± 0.05 

Mylar  75                               0.2 141.56 ± 3.07 237.10 ± 2.97 0.28 ± 0.04 

Mylar 75 0.09 112.71 ± 2.60 352.02 ± 7.10 0.08 ± 0.04 

Mylar 75 0.03 112.71 ± 2.60 512.00 ± 3.00 0.04 ± 0.01 

Mylar  125 0.2 92.00 ± 4.18 228.15 ± 2.48 0.13 ± 0.07 

Mylar  125 0.09 95.03 ± 4.01 303.12 ± 0.01 0.08 ± 0.06 

Mylar  125 0.03 97.03 ± 3.07 504.59 ± 3.39 0.03 ± 0.05 

Mylar  125 0.2 430.37 ± 2.22 817.37 ± 10.01 0.22 ± 0.02 

FEP 25 0.2 428.85 ± 1.00 826.69 ± 5.10 0.21 ± 0.01 

FEP  127 0.2 428.99 ± 1.92 826.69 ± 8.98 0.21 ± 0.02 
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Table S2. Baseline parameters used in the electrochemical simulation. Unless specifically 

mentioned in the manuscript text or figure captions, the parameters here were used. 

 Parameter Value Ref. 

Electrolyte Initial H+ concentration, 𝑐H+,𝑖 10-7 M (pH = 7)  

 Initial HPO4
2- concentration, 𝑐HPO4

2−,𝑖 0.076 M  

 Initial H2PO4
- concentration, 𝑐H2PO4

−,𝑖 0.051 M  

 Initial dissolved O2 concentration, 𝑐O2,𝑖 0 M  

 Initial dissolved H2 concentration, 𝑐H2,𝑖 0 M  

 Diffusivity of H+, 𝐷H+  9.3 × 10-9 m2/s [1, 2] 

 Diffusivity of K+, 𝐷K+  1.96 × 10-9 m2/s [1, 2] 

 Diffusivity of HPO4
2-, 𝐷HPO4

2−  0.69 × 10-9 m2/s [1] 

 Diffusivity of H2PO4
-, 𝐷H2PO4

− 0.85 × 10-9 m2/s [1] 

 Buffer equilibrium constant, Keq 1.5 × 10-4 mol/m3 [3] 

 Diffusivity of O2, 𝐷O2
 2.4 × 10-9 m2/s [1] 

 Diffusivity of H2, 𝐷H2
 5 × 10-9 m2/s [1] 

 Inlet velocity, uin 1 cm/s  

 Outlet pressure, pout 105 Pa  

 Dynamic viscosity, µ 0.89 mPa s [1] 

 Density, ρ 998.5 kg/m3 [1] 

 Temperature 300 K  

Electrode HER exchange current density, i0,HER 10 A/m2 [4, 5] 

 HER anodic transfer coefficient, αa,HER 0.5  

 HER cathodic transfer coefficient, αc,HER 0.5  

 OER exchange current density, i0,OER 10-4 A/m2 [4],[6-

8]  

 OER anodic transfer coefficient, αa,OER 1.9  

 OER cathodic transfer coefficient, αc,OER 0.1  

 Electrode conductivity, σel 105 S/m  

 Applied average current density, japp 1 mA/cm2  

 Equilibrium potential for water oxidation 1.23 V  

 Equilibrium potential for water reduction 0 V  

Geometry Cell height, hcell 3 cm  

 Cell width, wcell 1.8 cm  

 Electrode height, hel 2.7 cm  

 Separator thickness, dsep 125 µm  

 Porosity 0.2  

 Pore diameter, dpore 400 µm  
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Table S3. Baseline parameters used in the particle tracing simulation. Unless specifically 

mentioned in the manuscript text or figure captions, the parameters here were used. 

Parameter Value Ref. 

Bubble formation efficiency, 𝜂bubble 0.5  

Tilt condition,  30°  

Bubble diameter, dp 0.1 mm [9] 

Density of O2 gas, G 1.3 kg/m3  

Local current density, 𝑗s   10 mA/cm2  
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Supplementary note 1: Descriptions of our electrochemical model 

 

 

Figure S1: 2D schematic of the domains considered in our electrochemical model, which 

corresponds experimental cell setup. Unless otherwise mentioned, hcell is 3 cm, and wcell is 1.8 cm. 

dsep is the thickness of the separator, which is varied in our simulations based on experiments. 

 

 

Figure S1 shows the schematic of the two-dimensional (2-D) domains considered in our numerical 

model of electrochemical water splitting device with transparent separator, which is based on the 

experimental setup. The baseline parameters used in the model is listed in Table S2. The steady-

state governing transport (Nernst-Planck) and conservation equations of the ionic species, 

considering charge neutrality are considered in the electrolyte domain: 

−∇. 𝐍𝐢 + 𝑅𝑖 = 0               (S1) 

𝐍𝐢 = −𝐷𝑖∇𝑐𝑖 −
𝑧𝑖𝐷𝑖

𝑅𝑇
𝐹𝑐𝑖∇𝜙l + 𝑐𝑖𝐮                  (S2) 
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Here, Ni is the molar flux vector, Ri is the reaction source term, Di is the diffusivity, ci is the 

concentration, and zi is the charge of species i. F is Faraday’s constant,   is the electrolyte 

potential and u is the electrolyte velocity vector. The above equations apply for H+, K+, HPO4
2- 

and H2PO4
- in our study. Local equilibrium of buffer species (i.e., H+, HPO4

2- and H2PO4
-) was 

also assumed based on the equilibrium constant Keq. For the dissolved neutral species (i.e., H2 and 

O2), equation S2 is simplified to the diffusion-advection equation where zi = 0. Laminar flow 

within the device was described mathematically by continuity and momentum (Navier-Stokes 

equation) conservation:  

∇. 𝐮 = 0                (S3) 

𝜌𝐮. ∇𝐮 = −∇𝑝 + 𝜇∇2𝐮 + 𝜌𝐠                        (S4)  

 is the density, p is the pressure,  is the viscosity and g is gravity. At the electrode surface, mass 

fluxes were determined by the local current density (iloc) and the stoichiometry coefficients (i) of 

the redox equilibrium reaction:  

𝜈Ox𝑂𝑥 + 𝑛𝑒− ⇌ 𝜈Red𝑅𝑒𝑑                     (S5) 

𝑅𝑖 =
−𝜈𝑖𝑖loc

𝑛𝐹
                (S6) 

The stoichiometry coefficients for H+, H2, and O2 are −4, 2, and −1, respectively, when the number 

of electrons (n) is 4. The local electrode current density (iloc) was determined by Butler-Volmer 

equation: 

𝑖loc = 𝑗0 {𝑒𝑥𝑝 (
𝛼a𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼c𝐹𝜂

𝑅𝑇
)}            (S7) 

j0, a and c are exchange current density, anodic and cathodic transfer coefficient, respectively. 

The thickness of the electrodes was neglected in our model (i.e., no Ohmic substrate loss). 

 

The overpotential () for the anode and cathode was determined by: 
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𝜂anode = 𝜙s − 𝜙l − 1.23 +
𝑅𝑇

𝑛𝐹
ln [

𝑐
H+

𝑐H+,bulk

]
𝑣𝑖

            (S8) 

𝜂cathode = 𝜙s − 𝜙l − 0 +
𝑅𝑇

𝑛𝐹
ln [

𝑐
H+

𝑐H+,bulk

]
𝑣𝑖

                (S9) 

Here, 𝜙s  is the electrode surface potential. Average current density (japp) was applied at the anode, 

and the potential of the cathode was set to ground. On other boundaries, an insulation boundary 

condition (-n.il = 0, -n.is = 0) was considered.  

The bottom of the cell is set as the electrolyte inlet for laminar flow with a constant inlet velocity 

(u = -uinn); the concentration of the species at this boundary is set as the initial concentration (c = 

c0,i). The top of the cell is the outlet of the cell (constant pressure and 𝐧. 𝐷𝑖∇𝑐𝑖 = 0). On the side 

walls of the cell, no flux (-n.J = 0) and no slip (u = 0) boundary conditions were considered.                                   

                                                                                    

 

A mesh independence study was carried out and 98,476 triangular elements were used for a 

converging solution (Figure S2). Quadratic discretization method for the mass balance equation 

was employed to increase the accuracy of the solution.  For the solutions of the dependent variables 

(p, u, 𝜙l, 𝜙s, 𝑐H+, 𝑐HPO4
2− , 𝑐H2PO4

−, 𝑐O2
, 𝑐H2

), the MUMPS solver, which is a direct method based 

on lower-upper (LU) factorization (matrix triangulation), was used. 
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Figure S2: The optimized mesh used in our study for a converging solution. 98,476 triangular 

elements were created within the electrochemical cell domain. Cell height, hcell = 3 cm, width, wcell 

= 1.8 cm, separator thickness, dsep = 125 µm. 
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Figure S3.  A comparison between the 2D model described in Supplementary Note S1 and an 

equivalent 3D electrochemical model with the same boundary conditions and parameters. Smaller 

domain sizes are considered to limit the computational expense. The electrolyte potential 

distributions in the cell simulated with the (a) 3D and (b) 2D models are shown. The applied 

current density is 1 mA/cm2. Negligible differences are observed between the 3D and 2D results, 

which justifies the use of the 2D model in our study. 
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Figure S4. Two different approaches are considered in introducing porosity to the separators in 

the electrochemical model. (a) Approach 1: individual pores are considered, i.e., the separator is 

divided into solid and liquid domains, and only the liquid domain is evaluated. (b) Approach 2: a 

single domain is considered for the separator, and the porosity is included using Bruggeman 

correction. All parameters are identical for the two approaches. Pore diameter = 400 µm, separator 

thickness = 125 µm, porosity = 0.2. 

 

 

 

 



11 

 

 

Figure S5.  The effect of (a) porosity and (b) pore diameter to the electrolyte Ohmic loss when 

approaches 1 and 2 (as shown in Fig. S4) are considered. In all cases, the applied current density 

is 1 mA/cm2. The pore diameter is kept at 400 µm in (a), and the porosity in (b) is maintained to 

be 0.2.  
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Figure S6: Transmittance spectra of (a) FEP and (b) Mylar films of various thicknesses. 
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Supplementary note 2: Descriptions of our particle tracing model 

As described in the manuscript text, our particle tracing model considers drag and gravity forces 

in order to simulate oxygen gas bubbles movement as they are produced from the anode (upward-

facing electrode); see equation 2 in the manuscript. The drag force, 𝐅𝐷, was calculated by using 

Hadamard-Rybczynski drag law (equations S10 – S13), [10]. 

𝐅𝐷 =  
1

𝜏𝑝
𝑚𝑝(𝐮 − 𝐯)                  (S10) 

𝜏𝑝 =
4𝜌𝑝𝑑𝑝

2

3µ𝐶𝐷𝑅𝑒𝑟
                            (S11) 

𝐶𝐷 =
8

𝑅𝑒𝑟
[

2+3𝜅

1+𝜅
] ,  𝜅 =

µ𝑝

µ
                                 (S12) 

𝑅𝑒𝑟 =
𝜌‖𝐮−𝐯‖ 𝑑𝑝

µ
                                     (S13) 

𝜏𝑝, dp, v, mp, p and µ𝑝 are particle response time, particle radius, particle velocity, particle mass, 

particle density and particle dynamic viscosity, respectively. Rer is the particle Reynolds number. 

On the anode surface, flux boundary conditions were implemented, as given by equations S14 - 

S16.[9, 11]  

 𝑣G,𝑥 =
𝑗s𝜂bubble𝑀

𝑛e𝐹𝜌𝐺
           (S14) 

𝑅G,𝑥 =
𝑗s𝜂bubble𝑀

𝑛e𝐹
          (S15) 

𝑁𝑚,𝑥 =
𝑗s(1−𝜂bubble)

𝑛e𝐹
          (S16) 

𝑣G,𝑥 is the velocity of gas bubbles, G is the density of the gas bubbles, 𝑅G,𝑥 is the mass flux of gas 

bubbles and 𝑁𝑚,𝑥 is the molar flux of dissolved gases. 𝜂bubble and 𝑗s  are the bubble formation 

efficiency and the local current density, respectively. F, M and ne are the Faraday constant, the 

molar mass of gas (O2 or H2), and the number of electrons involved in the reaction, respectively. 

For the interaction between the bubbles and the cell, disappear boundary condition was applied at 
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the outlet of the cell, and bounce boundary condition (v = vc-2(n.vc)n) was implemented at the 

anode surface. vc is the bubble velocity when striking the wall. Finally, freeze boundary condition 

(v = vc) was implemented on the other walls in the cell. 

Table S3 lists all the baseline parameter values used in our model. The same cell sizes as described 

in electrochemical model were used. Laminar flow of the electrolyte solution was considered, 

using the same equations and boundary conditions described for the electrochemical model 

(Supplementary Note 1). A total mesh of 49,972 was needed to achieve a mesh-independent 

solution. The mesh size was refined in the proximity of the locations where higher gradients of 

variables are expected.  

In order to validate the model, we performed preliminary experiments using a custom cell and 

setup shown below in Figure S7a. Pt foil electrodes (0.05 mm, 99.99%, Alfa Aesar, product no. 

42456, exposed area to the electrolyte = 2.5 cm2) were used as the cathode and the anode, and 10 

mA/cm2 of current density between the electrodes (two-electrode configuration) was applied using 

a potentiostat (PARSTAT 4000A, AMETEK). A porous separator (Mylar®, dsep = 125 m, dpore 

= 400 m, porosity = 0.2) was placed in the cell between the cathode and the anode such that the 

distance between the cathode and the separator was 1.3 cm and the distance between the anode 

and the separator was 1.8 cm. The electrolyte was 0.1 M KPi (pH 7), and no electrolyte flow (i.e., 

zero inlet velocity) was introduced to the cell. The outlets of the catholyte and anolyte compartment 

were connected to micro-capillary tubes that were connected to a mass spectrometer (HPR-40, 

HIDEN Analytical) – internal crossover of gases in the mass spectrometer and its connections were 

accounted for by performing control experiments. The cathode was the upward-facing electrode, 

and the anode was the downward-facing electrode; we therefore investigated the crossover of H2 

from the upward-facing electrode to the anolyte compartment. We acknowledge that this is 
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different than the simulations described in the manuscript, but this condition was chosen for the 

validation experiments because H2 detection using our system is more accurate (no H2 in the 

ambient air). The input parameters for the simulation (cell geometry and gas bubbles properties, 

such as particle mass, density, velocity) were modified accordingly for the comparison. The results 

of the experiments and particle tracing simulations are shown in Figure S7b for three different 

device angles from the horizontal plane: 30, 45 and 90 (i.e., vertical orientation). The particle 

tracing simulation consistently shows lower crossover than the experimental results, but we 

expected this based on the following reasons: (i) we did not consider the possible formation of a 

pressure difference between the catholyte and anolyte in our model that may promote crossover; 

in our experiment, we tried to minimize this pressure difference but it cannot be fully excluded, 

(ii) our model only considered one-way coupling from the laminar flow to the particle dynamics 

and not vice versa; this is not expected to be an issue in the presence of forced convection (due to 

inlet electrolyte velocity), but this is important in the case of zero inlet velocity (as is the validation 

experimental condition) as a higher degree of undirected turbulence may be introduced from the 

bubble-electrolyte interaction, (iii) our model did not consider bubble-bubble interaction, which 

may occur during the experiment and affect the crossover, and (iv) constant and uniform bubble 

properties and bubble formation efficiency are considered in our model which is definitely not the 

case for the experiments. Nonetheless, the overall trend of the simulated crossover agrees with the 

experiment, and the discrepancy is expected to be much smaller under the conditions investigated 

in our manuscript (based on point ii above), which provides a justification for the use of our model 

in this study. Further experiments with dedicated cell design and configurations to better compare 

our simulation conditions are currently planned for more accurate validation of our model, but this 

is beyond the scope of the current paper. 
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Figure S7: (a) Photograph of the cell and configuration of the product crossover validation 

experiments. (b) H2 crossover in the anolyte compartment vs. the angle of orientation as obtained 

from the experiments and particle tracing simulations.   
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Figure S8: Dissolved O2 concentration (mol/m3) does not cross from the anolyte to the catholyte 

even in the most pessimistic case considered in our study, such as largest pore diameter (dpore = 

1600 µm), highest porosity value (0.4), shortest electrode distance (0.75 cm) and lower inlet 

velocity (1 cm/s). The applied current density is 10 mA/cm2. 
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Figure S9: When no laminar flow is present (i.e., inlet velocity is zero), significant crossover of 

dissolved O2 concentration (mol/L) is detected. Other than the inlet velocity, the same simulation 

condition as Figure S7 was applied: dpore = 1600 µm, porosity = 0.4, electrode distance = 0.75 cm, 

and the applied current density is 10 mA/cm2. 
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Figure S10: Total efficiency loss for various porosity values where the pore diameter (dpore) is 100 

µm. The total efficiency loss monotonously decreases with increasing porosity. 
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Movie S1: Particle tracing simulation of O2 bubbles in a cell where the anolyte and 

catholyte are separated with a porous separator with a porosity of 0.2 and pore diameter 

of 400 µm. The scalebar depicts the velocity in m/s. 

Movie S1.avi

 

Movie S2: Particle tracing simulation of O2 bubbles in a cell where the anolyte and 

catholyte are separated with a porous separator with a porosity of 0.4 and pore diameter 

of 400 µm. The scalebar depicts the velocity in m/s. 

Movie S2.avi

 

Movie S3: Particle tracing simulation of O2 bubbles in a cell where the anolyte and 

catholyte are separated with a porous separator with a porosity of 0.2 and pore diameter 

of 800 µm. The scalebar depicts the velocity in m/s. 

Movie S3.avi
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