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SUMMARY

Efficient separation of product gases is essential for the safe operation
of large-scale, solar-driven water-splitting devices. To date, most
demonstration devices use membranes, but a membrane-less configu-
ration that separates products via hydrodynamic control offers an
attractive alternative without the complexity associated with using
membranes. In thepresent study,multiphasefluiddynamicssimulations
are introduced to investigateproduct crossover inamembrane-less, so-
lar-driven water-splitting device. Specific emphasis is placed on imple-
menting a realistic tilt condition of the device and the buoyancy effects
on product gas bubbles. Our simulations reveal that gas bubbles, often
disregarded, can be a major source of crossover rather than dissolved
gases. Controlling the bubble formation and characteristics (e.g., diam-
eter) therefore plays an important role in achieving efficient product
separation. Finally, universal design criteria to control the product
crossover are further discussed based on dimensionless analysis.

INTRODUCTION

In solar-driven water splitting, tremendous efforts have been devoted to the devel-

opment of efficient light-absorbing semiconductors and electrocatalysts as the key

components. As a result, various demonstration devices with solar-to-hydrogen ef-

ficiencies (hSTH) well above 10% have been reported.1–4 Among these devices,

various approaches exist. For instance, photovoltaic (PV) panels can be connected

to electrolyzers (EC) to indirectly convert solar electricity to hydrogen (PV-EC). In

this approach, sunlight absorption to generate electrons and electrochemical pro-

cesses occur at two different physical sites, i.e., PV and electrolyzer, respectively.

Alternatively, a photoelectrochemical (PEC) approach, in which semiconductors—

often decorated with additional co-catalysts—are directly immersed in the electro-

lyte as photoelectrodes, offers several advantages. For example, because light

absorption and electrochemistry are integrated into a single device, the infrared

photons of solar irradiation that are not absorbed by the semiconductor can heat

the system, thereby improving catalytic reaction kinetics, mass transport, and ionic

conductivity in the electrolyte.5–12 When oxide semiconductors are used, charge

carrier transport may also be improved at elevated temperatures.13–16 Moreover,

the 10–1003 lower current density in the PEC versus the PV-EC approach potentially

allows the use of semiconductors and catalysts based on earth-abundant materials.

Note that the photoelectrodes used in the PEC approach can also be fabricated by

integrating photovoltaic materials and electrocatalysts used in the PV-EC approach.

At this stage of the development, reactor engineering plays an important role to fully

utilize and translate the materials and devices developed in laboratories for practical
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large-scale applications. In addition to having a high hSTH, a safe and efficient sep-

aration of products is critical in a solar-driven water-splitting device. In the PEC

approach, the oxidation and reduction reactions occur at two completely isolated

electrodes, i.e., the anode and cathode, respectively. To avoid forming an explosive

mixture of product gases (i.e., H2 and O2), an ion exchange membrane or a dia-

phragm is often employed as a separator between the anode and the cathode in

lab-scale devices. However, implementing separators poses additional complexity.

Also, the separators often suffer from degradation during long-term operation due

to cationic impurities in the electrolyte.17 Alternatively, a membrane-less configura-

tion has been proposed.17,18 By controlling the hydrodynamics of the device, H2 and

O2 can be collected from the outlet before they get mixed in the electrolyte without

any separators. This membrane-less architecture has been demonstrated in a variety

of electrochemical devices, such as water electrolyzers, fuel cells, and redox flow

batteries.19–28

Several studies have investigated the product crossover in membrane-less electro-

chemical water-splitting devices. For example, the distribution of dissolved product

gases in laminar flow has been simulated,29–32 and the electrolyte flow rate and de-

vice geometry were shown to determine the effectiveness of product separation.

However, these simulations only considered the transport of diluted species (i.e.,

dissolved gases) and assumed no product gas bubbles. In addition, most reports

only considered devices oriented vertically. No study has investigated the influence

of the tilt position of the device on the product crossover, which may largely depend

on the buoyancy effects on gas bubbles. This is particularly important in solar-driven

water splitting with the PEC approach because the devices have to be inevitably

tilted to achieve the maximum efficiency. As is the case for fixed PV panels, the

optimal angle largely depends on the location (e.g., �30� from horizontal in

Europe).33 This optimal angle is expected to be the same for PEC water-splitting

devices in terms of current or product generation, but not necessarily the case in

terms of product separation.

In the present study, Euler-Euler multiphase fluid dynamics simulations are performed to

identify the contribution of product gas bubbles to the overall product crossover in a

membrane-less water-splitting device tilted from the horizontal orientation. As

frequently applied in modeling electrochemical gas-producing reactions,34–38 Euler-

Euler model simulates the volume fractions and velocity vectors of the dispersed and

continuous phases from two sets of continuity and momentum equations without being

too computationally expensive, as is the case for direct numerical simulation or Euler-

Lagrange method.21,39–42 Based on our simulations, we will show that gas bubbles

play a more significant role than dissolved gases in determining product crossover in

membrane-less devices. The nature of gas bubbles and its influence on the overall prod-

uct separation are also further discussed. Finally, governing dimensionless numbers are

derived to obtain universal descriptors for the design of efficient membrane-less, solar-

driven water-splitting devices.

RESULTS AND DISCUSSION

Product crossover in solar-driven, membrane-less water-splitting devices

Our multiphase fluid dynamics simulations are largely inspired by the reports from

the group of Mahmut D. Mat, in which they validated their model with the gas vol-

ume fractions estimated from the local conductivity measurements during water

splitting with vertically oriented electrodes.35–37 A schematic representation of our

model and the accompanying boundary conditions are shown in Figure S1. Further
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details are described in the Experimental procedures section, in which we also briefly

compare our simulation with recently reported experimental data.43 In short, two-

dimensional (2D) multiphysics simulations are performed with a specific electrode

length (channel length [Ly]) and gap between electrodes (channel width [Lx]). In

our 2D model, we define the directions perpendicular and parallel to the channel

flow as the x- and y-directions, respectively. The device tilt angle (q) is defined as

the angle between the y-direction (i.e., the device plane) and the horizontal orienta-

tion (see Figure 1A). Bubble formation efficiency (hbubble) is introduced at the elec-

trode surface. The produced bubbles are simulated by the Euler-Euler multiphase

model, which calculates the volume fraction (ai) and velocity vector (vi) of phase i

(i.e., gas or liquid). The remaining products, 1�hbubble, are assumed to be dissolved

gases, which are then treated using the transport of diluted species theory. All the

symbols and parameters used in our simulations are shown in Tables S1 and S2,

respectively. Unless specifically mentioned, the average applied current density,

Figure 1. Schematic illustration of the simulated device and volume fraction of product O2

bubbles with various orientations

(A) Schematic illustration of the simulated device.

(B–E) Colormaps of the simulated volume fraction of O2 bubbles for devices with q = (B) 90� (vertical
orientation), (C) 45�, (D) 30�, and (E) 0� (horizontal orientation). The red arrows indicate the direction

of gravity in each case. The inset in (B) indicates the magnification of the colormap at regions very

close to the anode. In all cases, the average liquid inlet velocity is 2.5 cm s�1, the average current

density is 10 mA cm�2, the bubble diameter is 0.1 mm, and the bubble formation efficiency is 0.5.
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electrode length, bubble diameter, and bubble formation efficiency are set to be

10 mA cm�2, 10 cm, 0.1 mm, and 0.5, respectively. These values are chosen based

on relevant recent experimental data using fluorine-doped tin oxide (FTO)

electrode.44 Although the bubble formation efficiency and its diameter may vary

depending on the electrode materials,45,46 we expect that the data measured with

FTO are more relevant for solar fuel devices because it is often used as a substrate.

We first consider in this section a device configuration in which the anode is the up-

ward-facing electrode (see Figure 1A for the definition of upward- and downward-

facing electrodes). Bubbles produced at the downward-facing electrode (i.e., H2

at the cathode in this case) remain very close to the electrodes due to gravity and

therefore are not considered in our study. Figures 1B–1E show the simulated volume

fraction of O2 bubbles at 10 mA cm�2 for devices with different tilt angle q. The inlet

electrolyte velocity and the gap between electrodes were set to be 2.5 cm s�1 and

3 cm, respectively. The red arrows indicate the direction of gravity. When the elec-

trodes are oriented vertically (q = 90�; Figure 1B), O2 bubbles remain close to the

anode. As q decreases (Figures 1C–1E), the bubble plume grows toward the middle

of the cell, and it clearly crosses the middle of the cell when the device is in the hor-

izontal orientation (q = 0�). The interaction between the liquid and gas phase can be

observed in the electrolyte’s velocity profile, as shown in Figure S2. At regions very

close to the inlet, a parabolic velocity profile is observed as expected for a single-

phase laminar flow. The profile becomes distorted further away from the inlet due

to the produced O2 bubbles. This is caused by the momentum exchange between

the liquid and gas phase, resulting in high velocity at regions close to the bubble-

producing electrode, which further contributes to the mass transport of dissolved

gases.

In order to evaluate the product crossover, we determine the molar flux profiles of

O2 bubbles and dissolved gases at the outlet for devices with various q, as shown

in Figures 2A–2C. As q decreases, the flux of gas bubbles expands toward and

even beyond the middle of the cell. At the same time, the fluxes of dissolved gases

(both H2 and O2) also change following the respective velocity profiles (Figure S2);

however, they remain close to the electrodes irrespective of q. Our multiphase

simulations therefore reveal that gas bubbles—often overlooked in previous

reports29,30—contribute more significantly to the product crossover than dissolved

gases in membrane-less, solar-driven water-splitting devices.

In our study, a divider is assumed to be located in the middle of the outlet (see Fig-

ure 1A and the dashed line at x= 0 in Figures 2A–2C). Such a divider has indeed been

utilized in several membrane-less water-splitting devices.19,20,43 Therefore, the

product crossover is defined as the fraction of product fluxes that crosses beyond

the middle of the outlet (i.e., x > 0 for O2) against the total production. Figure 2D

summarizes the product (O2 in this case) crossover at different q. The product cross-

over largely varies from 0 to more than 10%, depending on the orientation of the de-

vice. Similar to previous reports that only considered dissolved gases,29,30 the

average inlet velocity significantly affects the product crossover (Figure 2D). As an

illustration, at q = 30�, the product crossover can be suppressed by �2 orders of

magnitude from �10% to �0.1% by simply increasing the inlet velocity from 2 to

3 cm s�1.

The prospect of introducing concentrated light, which reduces the area of semicon-

ductors and electrodes with increased current density,12,47 and its impact on the

overall product crossover are also briefly considered. We varied the applied current
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density while maintaining the total production rate over a square-shaped electrode,

which means that the increased current density is accomplished by the reduction of

electrode area and channel length. The crossover is found to be significantly sup-

pressed with increasing the current densities (Figure S3), indicating a potential

benefit of concentrated solar water splitting. This is because the channel length is

reduced, which limits the distribution of gas bubbles within the channel before

reaching the outlet. We note that the parameters of produced bubbles (i.e., bubble

diameter and bubble formation efficiency) are kept constant in the present simula-

tion for better comparison, but they are known to be dependent on the current

density.45,46,48,49 Detailed simulations that consider these factors are beyond the

scope of our current study.

Sensitivity analysis of bubble characteristics

We now investigate the influence of the characteristics of gas bubbles on the overall

product crossover. For instance, the bubble diameter, d, may vary depending on,

e.g., the electrolyte flow rate, the surface tension of the electrolyte, and the hydro-

phobicity of the electrodes. Figures 3A–3C show the volume fraction of O2 bubbles

with different diameters at q = 30�. As the bubble diameter decreases, the bubble

plume stays closer to the electrode. This effect is a result of stronger momentum ex-

change between the electrolyte and the smaller gas bubbles, as expected from

Figure 2. Flux profile at the outlet and the resultant product crossover at different tilt angles and inlet electrolyte velocity

(A–C) Flux profile of products at the outlet of devices tilted at different angles, q = (A) 45�, (B) 30�, and (C) 0� (horizontal orientation). The average inlet

velocity is kept constant at 2.5 cm s�1.

(D) Crossover of product as a function of the device tilt angle q for different inlet velocities. The average current density is 10 mA cm�2, the bubble

diameter is 0.1 mm, and the bubble formation efficiency is 0.5.
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Equation 13 in Experimental procedures, which causes the gas phase velocity to

follow that of the liquid phase toward the outlet. As a consequence, the product

crossover can be significantly suppressed by reducing the bubble diameter, as

shown in Figure 3D. The bubble break-off diameter at zero current, d0, can be

estimated, for example, using Fritz equation.50,51

d0 = 1:14w

�
G

gðrL � rGÞ
�0:5

; (Equation 1)

where w is the bubble contact angle and G is the surface tension. The bubble contact

angle and the surface tension are often controlled by the modification of catalyst

layers and introducing surfactants, respectively.43,47,52–54 When surfactants are

added, however, extra care has to be taken to avoid undesired (electro)chemical

reactions of the surfactants at the electrodes. Nano-structuring of the electrode

surface has also been reported to decrease the bubble diameter.55–57

The simulation results so far have only considered the anode as the upward-facing elec-

trode, i.e., onlyO2bubbleswerediscussed.However, the product crossovermay alsobe

affected if we consider the cathode as the upward-facing electrode and H2 bubbles limit

the crossover. Therefore, we compare the production of O2 and H2 bubbles from the

Figure 3. Influence of the characteristics of gas bubbles

(A–C) Colormaps of the volume fraction of O2 bubbles with different bubble diameters (q = 30�).
The bubble diameters considered are (A) 0.12, (B) 0.1, and (C) 0.08 mm. The red arrows indicate the

direction of gravity.

(D) Crossover of O2 and H2 bubbles with different bubble diameters. The average liquid inlet

velocity is 2.5 cm s�1, the average current density is 10 mA cm�2, and the bubble formation

efficiency is 0.5.

See also Figure S4.
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upward-facing electrode. Figure 3D shows that, although no significant difference is

observed for small q, the crossover of H2 is consistently lower than that of O2 when q

is larger than 20�. In other words, in terms of product separation, it is beneficial to

have the cathode as the upward-facing electrode. Two factors may contribute to the dif-

ference in the product crossover: (1) the different gas density, rG, of H2 and O2 and (2)

the number of electrons, ne, involved in the electrochemical reactions. To identify their

respective contributions, an imaginary gas with a density equal to that of H2 but that re-

quires 4 electrons in the electrochemical reaction is introduced. As shown in Figure S4A,

the product crossover does not change when either O2 or the imaginary gas is consid-

ered as the gas bubbles produced at the upward-facing electrode. This is caused by the

negligible density difference between O2 and H2 as compared to the liquid density, rL;

the buoyancy force between the gas and liquid phase remains unaffected. The main

contributing factor to the difference in the product crossover is therefore the number

of electrons involved in the reaction, as evident from the difference between H2 and

the imaginary gas in Figure S4A. When an electrochemical reaction requires fewer elec-

trons, the production of bubbles increases. Higher interaction between the bubbles and

the liquid electrolyte is thus expected, which may increase the velocity close to the

bubble-producing electrode. Indeed, as shown in Figure S4B, the velocity close to the

bubble-producing electrode is higher when H2 is produced instead of O2 (or the imag-

inary gas) at q = 30�, which helps to suppress the product crossover. Note that such a

velocity difference is not observedwhen the device is oriented horizontally, which agrees

with the negligible change of product crossover when q is below 20� (Figure 3D).

Another factor that may affect the overall product crossover is the bubble formation

efficiency (hbubble). Figure S5A shows the O2 crossover as a function of q for various

values of hbubble. The anode is again considered as the upward-facing electrode. At

low q range (<30�), the crossover increases as the bubble formation efficiency is

increased. This is expected because higher hbubble would increase the flux of O2

bubbles, which determine the overall crossover (see Figures 2 and S5B). However,

the trend is the opposite when q is above 30�. This is initially surprising but can be

explained if we closely examine the interaction between the gas bubbles and the

liquid electrolyte. Similar to the comparison between H2 and O2 bubbles (vide

supra), the higher hbubble may increase the velocity of the electrolyte, especially at

regions close to the bubble-producing electrode. Indeed, this is the case when q

is 30� (Figure S5C). Although the overall flux of O2 bubbles is also increased (Fig-

ure S5D), the fraction that crosses beyond the middle of the outlet (i.e., x > 0)

decreases because of the higher electrolyte velocity close to the electrode. Overall,

our simulations above reveal that the interaction between the gas and liquid phase

plays an important role to determine the electrolyte velocity and the resultant

product crossover.

We finally note that, although the bubble diameter and bubble formation efficiency

are parameterized here to understand their impacts, these parameters, in reality, are

determined by the reaction conditions, such as current density, electrolyte flow rate,

the surface tension of the electrolyte, and so on.44,48,49,58–60 It is also likely that the

values are not uniform across the surface of the electrodes, i.e., they are a function of

the local environment. Future studies therefore require a detailed understanding of

bubble nucleation, growth, and detachment to more accurately simulate the bubble

diameter and the bubble formation efficiency at particular reaction conditions.

Design consideration for minimum power losses

In the previous sections, the gap between the electrodes (Lx) is maintained at 3 cm.

Although it is preferable to reduce this gap to minimize the ohmic resistance of the
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device, doing so would increase the product crossover. A higher inlet flow rate could

be used to maintain the desired product crossover at the cost of higher pumping

power. This inter-relation suggests that compensating factors are present, and

optimum conditions may be found for minimal losses. Here, we compare the ohmic

and pumping power losses, whose unit is W m�1 in 2D channel, to obtain a product

crossover of 1%. The pump efficiency, hpump, is assumed to be 0.6, based on the

common value used in the literature.29 The average inlet velocity, U, is then opti-

mized individually for the different Lx in order to obtain a product crossover of 1%.

Figure 4A shows the ohmic and pumping power losses and the required inlet veloc-

ity to obtain 1% crossover with different electrode gaps, Lx. In this case, q is kept at

45�. The ohmic power loss is proportional to Lx, although it is independent of the

inlet liquid velocity and the device angle. At the same time, the required velocity

to maintain 1% crossover significantly increases with narrower gaps, which increases

the pumping power loss. As a consequence of this trade-off between the ohmic and

pumping power losses, the optimal electrode gap (for this particular q) is found to be

Figure 4. Trade-off between ohmic and pumping power losses

(A) Power losses in devices with different gap between electrodes, Lx, at q = 45�.
(B) Pumping power losses at different angles, q. In all cases, the inlet liquid velocity, U, was

optimized to obtain 1% crossover. See also Figure S6. The electrode and channel lengths are 10 cm,

the average current density is 10 mA cm�2, the bubble diameter is 0.1 mm, and the bubble

formation efficiency is 0.5.
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0.45 cm. The overall power loss (ohmic + pumping) of�1Wm�1 is�1% of the power

input from the solar irradiation, which is still within an acceptable range.

The dependence of pumping power loss on q is shown in Figure 4B. Two factors are

contrasted that affect the pumping power loss: the required velocity to maintain 1%

crossover and the pressure drop (Figure S6A). The former increases with decreasing

q, although the latter decreases. The competition between these two factors ex-

plains the maximum power loss observed at q = 30� for larger Lx (>2 cm; see Fig-

ure 4B). Overall, the pumping power loss becomes more sensitive to the electrode

gap with increasing q due to the higher hydrostatic pressure difference. We note that

the pressure drop in the channels also depends on the inlet velocity, the channel

width, and the viscosity. However, its contribution (Dpviscous) is negligible (<0.5%)

as compared with the hydrostatic pressure (Figures S6A and S6B).

Because hydrostatic pressure difference largely contributes to the pumping power

loss when the device is tilted away from the horizontal orientation, an alternative

approach to reduce pressure drop is to flow the electrolyte toward the out-of-plane

direction in our 2D model. Understanding the full extent of this potential solution,

however, requires three-dimensional (3D) multiphase fluid simulations, which is

beyond the scope of our current study.

Dimensionless analysis to obtain universal design criteria

Finally, in order to obtain a universal picture beyond the specific geometrical

parameters and reaction conditions discussed above, a dimensionless analysis is

introduced in this section. This analysis allows us to reduce the problem into several

simple dimensionless numbers that characterize the behavior of our system. In the

dimensional space, our multiphase fluid dynamics simulations contain ten variables

and parameters to determine the volume fractions, the velocities, and the resultant

fluxes of gas bubbles.

�
Lx ; Ly ;d; rL; rG;mmix;U; q;RG;gDr

�
;

where RG is the mass production rate of gas bubbles at the surface of the electrode.

Dissolved gases are again ignored because they have a negligible contribution to

the product crossover as discussed earlier (see Figure 2). For convenience, the den-

sity of gas, rG, and the viscosity of mixture, mmix, are assumed to be constant because

we found that their variations do not significantly impact our simulation results.

Using the Buckingham Pi theorem,61,62 we identify seven dimensionless numbers.

fAR; Pd ;Pr;PR;Fr;Ga; qg

AR =
Ly
Lx

(Equation 2)

Pd =
d

Lx
(Equation 3)

Pr =
rG

rL
(Equation 4)

PR =
RG

rLU
(Equation 5)

Fr =
U2

gLx
=
ðInertia forceÞ

ðGravityÞ (Equation 6)
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Ga =
gr2LL

3
x

m2
mix

=
Re2

Fr
=

ðGravityÞ
ðViscous forceÞ (Equation 7)

AR represents the aspect ratio, Pd is the dimensionless bubble diameter, Pr is the

dimensionless density, andPR is the dimensionless bubble production rate, respec-

tively. Froude (Fr) and Galilei (Ga) numbers compare the contributions from the

inertia force, viscous force, and gravity. To check for consistency, we have also

derived the same group of dimensionless numbers from the scaling of governing

equations (see Note S2).

The obtained dimensionless parameters are validated using a case study in which

the dimensional electrode length Ly is varied between 4 and 50 cm. The other

dimensional parameters are adjusted so that all the dimensionless parameters are

constant (see Table S3). Indeed, as long as all the dimensionless numbers are main-

tained, the same distribution of volume fraction and normalized fluxes at the outlet

can be obtained (see Figure S7).

We then evaluate the universal design criteria to obtain 1% product crossover using the

above-mentioneddimensionless numbers. As a further simplification of the problem,Pr

is kept constant at 1.33 10�3 because the density differencebetweengases is negligible

as compared to the liquid density. We also note that the outputs of our dimensionless

multiphase fluid dynamics simulations (e.g., the volume fractions, the normalized veloc-

ities, pressure, and the corresponding flux of gas bubbles) are independent of hbubble as

longasPR ismaintained.Here,hbubble is taken tobeunity to simulate the extreme caseof

100% bubble formation (i.e., no dissolved gases). In the realistic case that hbubble is less

than unity, implementing our design criteria of 1% crossover would actually result in an

even smaller crossover (the exact value is 1 3 hbubble%). The present linear correction

by hbubble may seem to be in contradiction with Figure S5A, in which the relationship be-

tween crossover and hbubble is not linear. This is because only the applied current density

is maintained in the previous discussion, although the flux of gas bubbles is not main-

tained, as shown in Figures S5B and S5D. In this dimensionless analysis, however, the

flux of gas bubbles is kept constant because the bubble production rate is used as an

input parameter.

We first examine the critical Fr as a function of the dimensionless bubble production

rate (PR). The critical Fr is relatively constant forPR<4.03 10�7, but above this value,

it decreases with increasing PR (Figure S8A). A closer look at the normalized liquid

velocity profile (Figure S8B) reveals that bubbles start to strongly interact with the

liquid phase and distort the profile forPR > 4.03 10�7. In contrast, below this critical

PR value, the liquid velocity profile remains largely symmetric and parabolic, causing

the critical Fr to be insensitive to PR; this is consistent with a previous report discus-

sing the critical Peclet number for dissolved gases.29 Similar dependence is also

shown when the Ga number is modified from 3.0 3 106 to 2.4 3 107 (both values

are relevant in our following discussions). Based on these results, we select aPR value

from the relatively independent region (i.e., 1.13 10�7) in the following discussions.

The relationship between the critical Fr and Ga to obtain 1% product crossover,

while keeping the other dimensionless numbers constant, is shown in Figure 5A

(black curve). Above and to the left of this curve, the product crossover is lower

than 1%. This can be understood by taking Fr and Ga as indicators against gravity.

In other words, Figure 5A essentially describes the criteria to overcome the buoy-

ancy contribution in gaseous product separation. For instance, higher Fr, which

can be obtained by, e.g., increasing the inlet velocity, represents stronger inertia
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force, which minimizes the product crossover. Similarly, lower Ga (e.g., through

decreasing the electrode gap) creates a sharp velocity gradient in the channel and

a strong viscous force, which again reduces the crossover. This may initially seem

to contradict our discussion in the previous section regarding the influence of the

electrode gap. It should be noted, however, that the analysis in the previous section

considers specific dimensional parameters, although in this case, the modification of

Ga number is done while maintaining the other dimensionless numbers, such as AR

and Pd, constant.

In addition to the product crossover requirement, we introduce additional criteria to

obtain acceptable device-operating conditions. First, both the ohmic and pumping

losses in the device need to be minimized, ideally lower than 1%. In addition,

because our multiphase model assumes laminar flow, a critical Reynolds number

of 2,300 is added as another operational limit. These criteria are shown in Figure 5A

as dashed lines (see Note S3 for the derivations of these criteria using dimensionless

Figure 5. Design criteria with dimensionless numbers

(A) Critical Froude number and Galilei number to obtain 1% crossover while maintaining the other

dimensionless parameters. The curve, combined with additional operational constraints of 1%

ohmic loss (hohmic/solar), 1% pumping loss (hpump/solar), and laminar flow condition (Reynolds number

< 2,300), forms the operational design space indicated as the green-shaded region.

(B) Similar universal curves to (A) but independent of the aspect ratio, log Fr/ARg versus log Ga, for

various device tilt angle q. See also Figures S9 and S10.

(C) Critical Froude number versus different dimensionless bubble diameters.

The red star points shown in (A) and (C) indicate identical conditions. The criteria for the critical

Reynolds number to maintain laminar flow and pumping and ohmic power loss 1% are also shown

in (C).
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descriptions and Table S4 for the benchmark operation conditions). The operational

design space that satisfies all of our operational constraints is shown by the green-

shaded region. Based on such analysis, a particular critical dimensional parameter

(e.g., inlet velocity) can be easily calculated for various geometrical or operational

parameters (e.g., electrode size and electrolyte).

The operational design space described above can of course bemodified by varying

the other dimensionless parameters. For example, increasing the AR would make

the operational design space smaller (Figure S9). The orientation of the device

(i.e., the device tilt angle [q]) also affects the operational design space. Interestingly,

a linear log-log dependence is observed at all q between the critical Fr and the AR

with a slope of g, as shown in Figures S10A–S10D. Using this relationship, a universal

curve independent of the aspect ratio, log Fr/ARg versus log Ga, can be further

derived for each q value, as shown in Figure 5B. Higher q shifts this curve down,

i.e., it widens the operational design space. Finally, decreasing the Pd, i.e., smaller

bubble diameter or larger electrode gap, shifts the critical Fr to lower values, as

shown in Figure 5C, such that all constraints can be satisfied.

In summary, the product crossover in solar-driven, membrane-less water-splitting

devices has been thoroughly investigated using multiphase fluid dynamics simula-

tions. As such devices will most likely be tilted for maximum sunlight exposure,

various device orientations (i.e., tilt angles) have also been considered. Our simula-

tions revealed that dissolved gases do not play a major part in determining product

crossover. Instead, gas bubbles, often ignored in previous numerical studies, are the

dominant contributor. We also showed that the overall product crossover is signifi-

cantly influenced by the characteristics of the bubbles (bubble diameter, bubble

formation efficiency, etc.). Notably, producing smaller bubbles improves product

separation in the device. Further development of membrane-less water-splitting

devices would therefore be benefited from a detailed understanding of bubble for-

mation. Finally, we applied our multiphase model to perform an extensive dimen-

sionless analysis. Based on such analysis, we identified several critical dimensionless

numbers (e.g., Froude, Galilei number, and AR) and proposed the operational

design space for minimal crossover. Overall, our study offers insights and provides

universal design guidelines in the development of efficient solar-driven, mem-

brane-less water-splitting devices.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Fatwa F. Abdi (fatwa.abdi@helmholtz-

berlin.de).

Materials availability

This study did not generate new unique materials.

Data and code availability

This study did not generate/analyze (datasets/code).

Model descriptions

Euler-Euler laminar flowmodel was used to simulate themultiphase fluid dynamics in

our membrane-less, solar-driven water-splitting devices. Two sets of continuity and
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momentum equations were solved using the volume fractions of the individual

phases (Equations 8 and 9).

dðairiÞ
dt

+ V,ðairiv iÞ= 0; (Equation 8)

airi

�
dvi

dt
+ vi ,Vvi

�
= � aiVp +aimmixV

2vi +airig+ F i�j; (Equation 9)

where ai, ri, and ni, represent the volume fraction, density, and velocity vector of

phase i (L for liquid and G for gas), respectively. g denotes the gravity vector. mmix

is the dynamic viscosity of the mixture (Equation 10).63

mmix = mLð1� aGÞ�2:5 (Equation 10)

The gravity vector in our 2D space was defined based on the device tilt angle, q, and

the gravitational acceleration constant, g:

g = � gðsin q; cos qÞ (Equation 11)

The volume fractions of the liquid and gas phase are limited by the following

Equation 12.

aL + aG = 1 (Equation 12)

The last term in Equation 9 (Fi�j) is a momentum exchange term from phase j to i as

described below.

FL�G = � FG�L =
3

4d
CDaGaLrLjvG � vL j ðvG � vLÞ (Equation 13)

CD and d represent the drag coefficient and the bubble diameter, respectively.

Schiller-Naumann model was used to determine CD.
64

CD =

8><
>:

24

Rep

�
1+ 0:15Re0:687

p

	
; Rep < 1000

0:44 ; RepR1000

;

in which Rep denotes the particle Reynolds number.

Rep =
drLjvG � vL j

mmix

(Equation 14)

In the liquid phase, dilute-solution theory considering diffusive and convective mass

transport was used for the dissolved O2 and H2.

vcm
vt

= � V,Nm = � V,ð �DmVcm + cmvLÞ= 0 (Equation 15)

Nm, Dm, and cm represent the flux vector, diffusion coefficient, and concentration of

dissolved speciesm, respectively. Mass transfer between gas bubbles and dissolved

gas was ignored.

At the electrode surface, the local current density (js) and the bubble formation

efficiency (hbubble) determined the velocity of gas bubbles (Equation 16), the mass

flux of gas bubbles (Equation 17), and themolar flux of dissolved gases (Equation 18);

all of these vectors were assumed to be perpendicular to the electrode surface

(i.e., x-direction).

vG;x =
jshbubbleM

neFrG
; (Equation 16)
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RG;x =
jshbubbleM

neF
; (Equation 17)

Nm;x =
jsð1� hbubbleÞ

neF
; (Equation 18)

Where F,M, and ne are Faraday constant, themolar mass of gas (O2 or H2), and the num-

ber of electrons involved in the reaction, respectively. In our study, due to gravity, the

overall product crossover is limited by the bubbles generated at the upward-facing

electrode. The bubbles from the downward-facing electrode easily accumulate on the

electrode, which makes it difficult to solve because the present model only covers the

above-mentioned inlet of gas bubbles and does not consider the interaction between

the accumulated bubbles and the electrode. More advanced multiphase fluid dynamics

simulations beyond the scope of this study, such as Euler-Lagrange, phase field, level

set, and so on, are needed in order to fully cover the interaction between the accumu-

lated bubbles and the downward-facing electrode; these simulations, however, require

higher computational cost. Nevertheless, wemanaged to solve the fluid dynamics in the

cell in which both the upward- and downward-facing electrodes are considered, for

limited orientations (q= 75�–90�). Although the velocity profile varies due to the bubbles

from the downward-facing electrode, the resultant flux of bubbles does not change

significantly (Figure S11). Therefore, bubbles from the downward-facing electrode

were not considered in this study.

In the present study, bubbles are assumed to be generated uniformly along the elec-

trode surface, as shown in Equations 16, 17, and 18. As a comparison, we have also

introduced nucleation sites as gas bubble inlets, whose length equals to the bubble

diameter, uniformly distributed along the electrode. We assumed that the nucle-

ation sites cover 10% of the electrode area estimated from a previous study,65

and the total production rate of gas bubbles was maintained. Although the volume

fraction of gas bubbles is localized close to the nucleation sites, it starts to distribute

more uniformly toward the middle of the channel (Figure S12). Above 1% crossover,

which is our criterion in this study, the difference is negligible when either uniform

bubble generation or 10% of nucleation sites is considered. Moreover, below 1%

crossover, implementing 10% nucleation sites results in an even smaller crossover.

Therefore, to be more conservative, we assume that gas bubbles are generated uni-

formly along the electrode to simply the calculation.

A fully developed laminar flow was assumed at the electrolyte inlet.

vL;y = 1:5U

�
1�

�
x

Lx=2

�2�
; (Equation 19)

where U is the average inlet velocity. The concentration of dissolved gases and gas

bubbles were set to be zero at the electrolyte inlet.

1 M KOH solution (ionic conductivity; s0 = 0.215 S cm�1)66 was considered as the

electrolyte. Due to the high concentration of OH�, pH gradient during electrochem-

ical reactions was assumed to be negligible.67,68 Potential variations to the local

conductivity of the electrolyte due to the presence of gas bubbles were initially

considered based on the following Bruggeman correlation.69

s = s0ð1� aGÞ1:5 (Equation 20)

However, the Bruggeman-corrected local conductivity only resulted in a <0.1% variation

of local current density as shown in Figure S13 (see also Note S1 and Figure S1C for the
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description and schematic of the electrochemistry simulations), and there was no clear

influence to the product crossover (not shown). In addition, the surface coverage of

the electrode with gas bubbles may further vary the local current density along the elec-

trode. The correlation between the two is not clear, but we speculate that the surface

coverage is proportional to (1-aG)
1.5, similar to the above-mentionedBruggeman correc-

tion. The term, (1-aG)
1.5, should be related to the electrochemically available cross-

sectional area. However, as shown in Figure S13, the introduction of surface coverage

did not vary the local current density distribution when the device is tilted away from

the vertical orientation because of the small gas volume fraction. Even when the device

is in vertical orientation, the variation is limited to �3%. Furthermore, ohmic loss along

the electrode may also change the local current density distribution, but we have previ-

ously simulated that this is largely dependent on the conductivity of the substrate and

that it is negligible if potential mitigation strategies (e.g., the deposition of conductive

metallic lines) are implemented;30 this factor is not considered in the present study.

Therefore, the local current density (js) was assumed to be uniform, which is equal to

the applied current density (japp). Similarly, the diffusion coefficients of dissolved species

were also assumed to be constant and unaffected by the presence of gas bubbles.

A divider was assumed to be located in the middle of the outlet (x = 0, y = Ly in Fig-

ure S1A). The molar fluxes for dissolved gases (Nm,y) and gas bubbles (NG,y) in a

direction normal to the outlet are described by Equations 21 and 22, respectively.

Nm;y = cmvL;y (Equation 21)

NG;y = aGrGvG;y



M (Equation 22)

The crossover was determined bydividing themolar fluxes at xR 0 at the outlet with the

overall electrochemical molar production rate from the entire electrode (Equation 23).

Crossover =

R Lx=2

0

�
NG;y +Nm;y

�
dx

jappLy
.
neF

(Equation 23)

The power losses in 2D channel have the unit W m�1. The ohmic power loss is

independent of the inlet velocity and the device tilt angle as shown below.

Pohmic =
japp

2LxLy
s0

(Equation 24)

The pumping power loss is described as follows.

Ppump =
ULxDp

hpump

; (Equation 25)

where hpump and Dp represent the efficiency of the pump and the pressure drop

between the inlet and the outlet, respectively.

Steady-state simulations of the above equations were performed with COMSOL

Multiphysics using PARDISO general solver. Relative tolerance of 0.005 was applied

as the convergence criterion.

Our multiphasemodel is compared with a previous experimental study43 as shown in

Figure S14, which shows a relatively reasonable agreement. A slight underestima-

tion of the crossover can be observed from our simulation, which may arise from

either the distribution of bubble diameter or the interaction between bubbles and

electrode/channel wall in a fully vertical orientation.
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