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and Demetri Psaltisa

Membrane-less electrolyzers utilize fluidic forces instead of solid barriers for the separation of electrolysis

gas products. These electrolyzers have low ionic resistance, a simple design, and the ability to work with

electrolytes at different pH values. However, the interelectrode distance and the flow velocity should be

large at high production rates to prevent gas cross over. This is not energetically favorable as the ionic

resistance is higher at larger interelectrode distances and the required pumping power increases with the

flow velocity. In this work, a new solution is introduced to increase the throughput of electrolyzers

without the need for increasing these two parameters. The new microfluidic reactor has three channels

separated by porous walls. The electrolyte enters the middle channel and flows into the outer channels

through the wall pores. Gas products are being produced in the outer channels. Hydrogen cross over is

0.14% in this electrolyzer at flow rate ¼ 80 mL h�1 and current density (j) ¼ 300 mA cm�2. This cross over

is 58 times lower than hydrogen cross over in an equivalent membrane-less electrolyzer with parallel

electrodes under the same working conditions. Moreover, the addition of a surfactant to the electrolyte

further reduces the hydrogen cross over by 21% and the overpotential by 1.9%. This is due to the positive

effects of surfactants on the detachment and coalescence dynamics of bubbles. The addition of the

passive additive and implementation of the porous walls result in twice the hydrogen production rate in

the new reactor compared to parallel electrode electrolyzers with similar hydrogen cross over.
Introduction

Emission-free renewable energies are being harnessed to
substitute energy from polluting sources. However, uctuations
in their availability necessitate innovative solutions to meet
energy supply and demand. In this regard, at times of abundant
production, the surplus can be stored in the form of hydrogen
using water electrolysis as a sustainable process.1,2 High purity
hydrogen produced in this manner can be used in fuel cells or
engines to produce energy for both mobile and stationary
applications. However, the high costs of the necessary infra-
structure have slowed down clean H2 deployment.3 Any
improvement in the design, efficiency, and throughput of water
electrolyzers will positively impact their adoption in the energy
sector.

The two main water electrolysis methods are alkaline and
polymer electrolyte membrane (PEM) processes that are avail-
able commercially. Anion exchange membrane electrolyzers
(AEM) are at their early commercialization stage while solid
édérale de Lausanne (EPFL), Lausanne,

.ch
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tion (ESI) available. See DOI:

f Chemistry 2021
oxide electrolyzers (SOE) and membrane-less architectures are
in the development and research stage.4–6 Alkaline electrolyzers
work with basic electrolytes7 and their inexpensive electrodes
are separated by a diaphragm in order to prevent gas cross-
contamination.8 Alkaline electrolyzers are the most mature
technologies for hydrogen production due to their simple
design and inexpensive catalyst materials.8 PEM electrolyzers
use a membrane coated with catalysts on both sides.9 This
membrane allows proton migration but prevents the gas from
cross over.10 PEM electrolyzers can be used at high current
densities with very low gas cross over, and in a compact form
factor.9 AEM electrolyzers work with alkaline electrolytes and
use an anion conductive membrane.11 This technology can
reduce the capital cost of electrolyzers due to the usage of non-
precious metal electrodes in contrast to PEM systems.12 The
stability of the anion conductive membrane is a barrier against
the commercialization of AEMs.13,14 SOEs use a solid electrolyte
with two porous electrodes on their two sides.15 These electro-
lyzers have higher efficiencies compared to low-temperature
electrolyzers since they are operating at elevated tempera-
tures.16 However, the solid electrolyte and electrodes should be
chemically stable under harsh operational conditions.15

All of the discussed electrolyzers use a membrane or a dia-
phragm to prevent gas cross-contamination. However, a dia-
phragm or a membrane introduces additional resistance
Sustainable Energy Fuels, 2021, 5, 2419–2432 | 2419
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between the electrodes, increases the cost of the electrolyzer,
and reduces the lifetime of the device.5,17–19 Membrane-less
electrolyzers have been introduced to remove the need for
membranes or separators.17 They rely on the uidic ow,17,20–26

buoyancy forces,27 or surface forces28 for product separation.
Removing the membrane simplies the design of the electro-
lyzer, reduces the electrolyzer cost, and increases the lifetime
and durability of the device.5 Furthermore, a membrane-less
electrolyzer is compatible with a wide range of electrolytes at
different pH values.17,29 Thus, it can be used for various elec-
trochemical reactions such as water electrolysis for hydrogen
production or brine electrolysis for chlorine production without
signicant modications in its design.20,30

The membrane-less electrolyzer geometry can be classied
based on the electrode conguration into parallel17,20,25,26 and
mesh electrodes.21–23,31,32 In the parallel electrode (PE) electro-
lyzer shown in Fig. 1a, the electrodes are at the two opposites
sides of a rectangular channel where the liquid electrolyte is
owing. In addition to the electrolyte, evolved gaseous products
are also owing in between the electrodes towards the end of
the channel. The inertial forces33–36 of the liquid ow keep the
bubbles at the channel sides to prevent cross over. As the
volume fraction of the bubbles increases by moving down-
stream, the channel length and ow rate should be decided
carefully to prevent the formation of excessively large bubbles.

The mesh electrode geometry as shown in Fig. 1b is made of
two plane meshes that act as catalysts. The liquid enters the
area between the meshes and ows through the pores of the
mesh. Bubbles are formed at the surface of the mesh and are
carried to the outer side of the mesh by the ow. At equal
interelectrode distances, the mesh electrode electrolyzer can
achieve a higher production rate compared to the PE electro-
lyzer as the bubbles go through the mesh pores and leave the
interelectrode region faster. However, velocities inside all pores
of the mesh should be ideally equal for the efficient removal of
growing bubbles. Furthermore, the bubbles forming in the
Fig. 1 Schematics of membrane-less electrolyzer geometries: (a) paralle
wall electrolyzer.

2420 | Sustainable Energy Fuels, 2021, 5, 2419–2432
inner side of the mesh should remain smaller than the mesh
pore size in order to be transported to the outer side.

Product separation is a challenge for membrane-less elec-
trolyzers due to the absence of the membrane or separator.
Bubble growth at the electrode and movement in the channel
are investigated in order to overcome this challenge.37–42 Bubble
coalescence and large bubble detachment from the electrodes
can lead to the formation of bubbles larger than half of the
channel width which leads to gas cross over. As the large
bubbles form more frequently at high production rates the gas
cross over is higher at higher production rates.

The addition of a surfactant to the electrolyte decreases the
surface tension that leads to smaller bubble detachment.43–46

Furthermore, the surfactant molecules adsorbed on the inter-
face of the bubble prevent bubble coalescence. Therefore, the
surfactant can improve the throughput while still having pure
streams of products.47 However, the production rate cannot be
increased further when the space between the electrodes is l-
led with bubbles. Enlarging the space between the electrodes
leads to a higher maximum production rate, but it imposes
additional ohmic losses due to the larger interelectrode gap.
Moreover, bubbles moving between electrodes block ionic
pathways that add to the overpotential losses.48 Our design is
based on the idea that the production rate can be improved by
adding pores to the wall of PE electrolyzers for removing
bubbles from the interelectrode region faster. However, bubbles
larger than the pores cannot go through the pores easily and
they ow between the electrodes towards the end of the channel
which limits the production rate. To address this limitation and
as the second element of our design, we have engineered
nucleation sites to be only present outside of the interelectrode
region. By doing so, the overpotential due to the bubble move-
ment between electrodes decreases, and the electrode distance
can be decreased as well.

In what follows, we design and investigate experimentally
and numerically the porous wall (PW) electrolyzer shown in
l electrode electrolyzer, (b) mesh electrode electrolyzer, and (c) porous

This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1se00255d


Fig. 2 Images of the fabricated PE (a) and PW (b) electrolyzers. Red
solid lines indicate the walls. The cathode and anode are indicated by
yellow lines. This image is constructed by placing images of three
different positions of the device next to each other. The scale bar is
200 mm.
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Fig. 1c. In the PW electrolyzer, the liquid electrolyte enters the
middle channel and goes to the outer channels through the
inclined wall pores. The electrodes are on the outer sides of the
porous walls which leads to the generation of bubbles only in
the outer channels. The inclined walls and pores ensure suffi-
cient ow in each electrode pore. The ow through the wall
pores prevents the migration of bubbles to the opposite side. In
this design, the volume fraction of gas in the interelectrode area
is low since there is no ow of bubbles in the middle channel.
Therefore, the ohmic loss due to the presence of owing
bubbles between the electrodes is smaller compared to that of
the parallel electrode design. It is shown that the performance
of a PW electrolyzer can be improved further by using a surfac-
tant in the electrolyte.47

The PE electrolyzer geometry is changed to the PW electro-
lyzer in order to achieve higher production rates. It is essential
to compare the product purity and the performance of the PW
electrolyzer with those of a PE electrolyzer to evaluate the effi-
cacy of this geometry modication. This comparison demon-
strates the effectiveness of the porous walls. As a result, the PW
electrolyzer utilizes a smaller ow rate compared to other
membrane-less electrolyzers to achieve the cross over compa-
rable to them. This study provides guidelines for the design of
membrane-less electrolyzers for achieving high throughput
production of hydrogen with high purity.

Experimental setup

The micro-fabrication of the PW electrolyzer starts by depos-
iting 200 nm titanium on a silicon wafer. The electrical
connections are made by doing photolithography and metal ion
beam etching on the titanium layer. Aerwards, the porous
walls supporting vertical electrodes are made using the SU8
process with a height of 70 mm. 200 nm platinum is sputtered
on the device followed by ion beam etching.49 The ion beam
etching removes platinum from the horizontal surfaces but
platinum remains on the vertical walls of SU8. The platinum on
the vertical walls is in contact with titanium on the horizontal
walls. Subsequently, the uidic channels are fabricated in SU8.
The height of the uidic channels is 80 mm. The inner sides of
the porous walls are covered with SU8 in this step. Therefore,
platinum is in contact with the electrolyte only in the outer
channels. The inlet and outlets are punched in a PDMS piece. A
thin layer of SU8 is coated on this piece. Next, this PDMS piece is
bonded to the device to seal the channel.50 Fig. S1 of the ESI†
shows the detailed process ow. The minimum interelectrode
distance is 550 mm at the end of the electrodes. The maximum
interelectrode distance is 690 mm at the beginning of the elec-
trodes. The electrodes active area of the PW electrolyzer is 0.347
mm2. The PE electrolyzer is fabricated with the same process.
The interelectrode distance and electrodes active area of the PE
electrolyzer are 620 mm and 0.347 mm2. The fabricated PE and
PW electrolyzers are shown in Fig. 2.

A Cronus Sigma 1000 Series syringe pump is used for owing
electrolytes in the channel. The applied current to the device is
controlled using a Bio-Logic SP-300 potentiostat. The images of
the bubble generation and ow are captured using a Photron
This journal is © The Royal Society of Chemistry 2021
FASTCAM Mini UX100 camera at 4000 fps and 1/10 000 s
shutter speed. Two test tubes are lled with the liquid electro-
lyte. These test tubes are held inversely in a larger container of
the liquid electrolyte. The generated hydrogen and oxygen are
collected in these test tubes. The diluted gas with air is injected
into the SRI 8610C gas chromatogram with a thermal conduc-
tive detector. The current is applied to the device for 15 minutes
in each experiment. The experiments are repeated three times
at each current density and ow rate.

Numerical simulations are carried out using ANSYS Fluent
soware from ANSYS Inc. Three different types of simulations
are used in this paper: 1. Single phase simulations to investigate
the velocity prole in the uidic channels, 2. Mixture model
simulations to optimize the geometry of the device for mini-
mizing the gas crossover, 3. Volume of uid (VOF) simulations
to examine the product separation in the optimized geometry
under realistic bubble production conditions. The pressure-
based solver of ANSYS Fluent is used for the simulations. In
the mixture model, the drag coefficient needed to compute the
relative velocity51,52 between the phases is calculated using the
Schiller and Naumann correlation.53

Results and discussion

Both the PE and the PW electrolyzers shown in Fig. 1a and c are
used for hydrogen generation and compared in this study. They
have equal electrode surface areas and the interelectrode
distance of the PE electrolyzer (620 mm) is equal to the average
interelectrode distance of the PW electrolyzer. Initially, we
discuss the performance and product purity of the PE electro-
lyzer, and then present the results of the PW electrolyzer for
comparison with those of the PE electrolyzer.

PE electrolyzer

Fig. 3a shows bubble generation in the PE electrolyzer at
a current density of j ¼ 300 mA cm�2 at different ow rates. The
Sustainable Energy Fuels, 2021, 5, 2419–2432 | 2421
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Fig. 3 Bubble generation and flow at different locations in the PE electrolyzer working with 1 M H2SO4: (a) the current density is 300 mA cm�2.
(b) The current density is 75 mA cm�2. The anode and cathode sides are indicated in the picture. The scale bar is 400 mm.
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electrolyte is 1 M sulfuric acid. This gure indicates that the
liquid ow detaches bubbles at smaller sizes as the ow rate
increases. However, the small bubble detachment is not enough
to prevent large bubble formation in the channel. The bubble
coalescence leads to the formation of large bubbles whose
equilibrium positions are at the center of the channel.37 Bubbles
moving at the centerline are a mixture of hydrogen and oxygen
as they coalesce with bubbles originating from both sides. As
a result, large bubbles should be avoided.

Decreasing the production rate is one approach to reduce the
bubble size and cross over. Fig. 3b presents the bubble ow at
ow rate ¼ 80 mL h�1 and j ¼ 75 mA cm�2. This gure depicts
the reduction in the bubble size when the current density is
decreased from 300 mA cm�2 to 75 mA cm�2. The number of
bubbles in the channel decreases with decreasing the current
density. Bubble coalescence becomes less frequent at lower
current densities, leading to the formation of smaller bubbles
and lower cross overs.

As shown in Fig. 3a, the bubble size is inversely proportional
to the ow rate. As a result, large bubble formation and gas
cross over can be hindered completely at large ow rates. On the
2422 | Sustainable Energy Fuels, 2021, 5, 2419–2432
other hand, the power loss due to the uidic resistance is higher
at large ow rates which leads to lower energy conversion effi-
ciency. The energy conversion efficiency can be expressed by the
following equation:54

hconversion ¼
Pstorage

Pstoragae þ Pfluidic þ Poverpotential

(1)

where Pstorage is the chemical power stored in the form of
hydrogen and Puidic and Poverpotential are power losses due to the
uidic and overpotential, respectively. This equation does not
consider the power loss due to electrode surface coverage by
bubbles. The stored power in the form of Hydrogen can be
calculated using the following equation:

Pstorage ¼ jLHE0 (2)

where E0 ¼ 1.23 V is the thermodynamic equilibrium potential
of water electrolysis, L is the length of the electrode and H is the
height of the electrode. The length and height of the channel
are assumed to be equal to the length and height of the elec-
trode in the PE electrolyzer. The power loss due to the over-
potentials can be expressed as follows:24
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Contour of the energy conversion efficiency of the PE elec-
trolyzer at different current densities and flow rates. The dashed lines
indicate the constant energy conversion efficiency lines. The elec-
trolyte is 1 M sulfuric acid.
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Poverpotential ¼ jLH(jhHERj + hOER + hohmic) (3)

where hHER and hOER are overpotentials corresponding to the
hydrogen evolution and oxygen evolution reactions. hohmic is
the overpotential due to the ohmic resistance. hHER and hOER are
calculated by using the Tafel equation:

h ¼ b log

�
i

i0

�
(4)

In eqn (4), b, i, and i0 are the Tafel slope, applied current
density, and exchange current density, respectively. In the acid,
the Tafel slope and the exchange current density of the oxygen
evolution reaction on the platinum electrode are 100 mV dec�1

and 4 � 10�10 A cm�2, respectively.55 The Tafel parameters of
the hydrogen evolution reaction are b ¼ 32 mV dec�1 and i0 ¼
1.3 � 10�3 A cm�2.24,56 The overpotential due to the electrolyte
ohmic resistance is calculated using the following equation:

hohmic ¼
jW

s
(5)

where W is the channel width and s is the conductivity of the
electrolyte. It is assumed that the interelectrode distance and
the channel width are equal. The power loss due to the uidic
resistance can be calculated by using the channel pressure drop
(DP) and the liquid ow rate (Q) as shown below:

Pfluidic ¼ DP � Q (6)

The pressure drop of multiphase ows can be written as57

DP ¼ DPfriction + DPacceleration (7)

DPfriction is the pressure drop due to the wall shear stress.
DPacceleartion determines the kinetic energy change of the ow
due to the generation of bubbles. Section 3 of the ESI† describes
the details of the pressure drop calculations. The PE electrolyzer
channel dimensions and properties of 1 M sulfuric acid used for
the power conversion efficiency calculations are shown in Table
1.

The power conversion efficiency is a function of two inde-
pendent variables: the current density and the ow rate. This
efficiency can be calculated from eqn (1) by varying the current
density and the ow rate independently. The power conversion
efficiency is drawn for the PE electrolyzer for different ow rate
and current density values in Fig. 4. This gure displays that
increasing the ow rate to values higher than 100 leads to
approximately more than 55% power loss. As a result,
Table 1 The dimensions of the PE electrolyzer and the properties of
the 1 M sulfuric acid used to plot Fig. 4

L 4.84 mm
H 80 mm
W 620 mm
E0 1.23 V
P 1060 kg m�3

M 0.001208 kg m�1 s�1

s (ref. 58) 36.95 S m�1

This journal is © The Royal Society of Chemistry 2021
increasing the ow rate to values larger than 100 cannot be
considered as a solution for reducing bubble crossover since it
induces signicant power losses.

Fig. 4 shows that the energy conversion efficiency changes
non-monotonically with the current at a constant ow rate. At
low current densities, the energy conversion efficiency increases
by increasing the current density since higher production rates
can be achieved without any signicant change in the uidic
power loss. However, the efficiency starts to decrease at high
current densities. At high current densities, there is a large
number of bubbles in the channel that induces a substantial
uidic power loss. This increase in the uidic power loss leads
to a decrease in the energy conversion efficiency. The constant
energy conversion efficiency line of 50% in Fig. 4 shows this
non-monotonic change of the energy conversion efficiency.

Adding a surfactant to the electrolyte is another solution for
reducing the bubble size. Heptadecauorooctancesulfonic acid
potassium (PFOS) is used as the surfactant in this study since it
does not participate in the electrochemical reaction and can
reduce the overpotential by lowering hydrogen dissolution in
the electrolyte.59 Fig. 5a shows bubble generation at j ¼ 300 mA
cm�2 and different ow rates. This gure shows many bubbles
evolving close to each other. But the surfactant in the electrolyte
prevents the coalescence of these bubbles. Therefore, the
bubbles at the end of the electrodes are smaller compared to
those in the surfactant-free electrolyte (Fig. 3a). Fig. 5b shows
the images of the PE electrolyzer working at a higher current
density of 450 mA cm�2. This gure indicates that the cross over
increases signicantly by increasing the current density to 450
mA cm�2 and the ow rate is not high enough to prevent
bubbles from moving towards the centerline.

Fig. 6a shows the polarization curve of the PE electrolyzer.
The slope of the polarization curve is steeper when using the
electrolyte with the surfactant. This can be attributed to the
faster bubble detachment from the electrodes and smaller
bubbles owing in between the electrodes. Furthermore, PFOS
reduces the dissolved hydrogen concentration close to the
electrode.59 This leads to a lower concentration overpotential
Sustainable Energy Fuels, 2021, 5, 2419–2432 | 2423
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Fig. 5 Pictures of different regions of the PE electrolyzer working with
1 M H2SO4 + 10�4 M PFOS surfactant: (a) the applied current density is
300 mA cm�2. (b) The current density is 450 mA cm�2. The hydrogen
and oxygen sides are denoted in the pictures. The scale bar is 400 mm.
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due to hydrogen supersaturation at the electrode surface.60 As
a result, the required potential for the reactions decreases at
constant current densities as shown in Fig. 6a.

Fig. 6b presents the hydrogen cross over to the oxygen side
for the experiments shown in Fig. 3 and 5. The lower amma-
bility limit of the hydrogen–oxygen mixture is 4%61 and is
highlighted by the dashed line in Fig. 6b. The cross over is low at
high ow rates because the gas volume fraction is smaller for
a constant production rate. However, the cross over is higher
than the ammability limit when the surfactant-free electrolyte
is used even at high ow rates. The bubble coalescence at ow
rates of 30 mL h�1 and 40 mL h�1 creates large bubbles in the
Fig. 6 (a) Polarization curve of the PE electrolyzer working with 1 MH2SO
Hydrogen cross over to the oxygen side at different Re values.

2424 | Sustainable Energy Fuels, 2021, 5, 2419–2432
hydrogen outlet. Subsequently, these bubbles merge down-
stream and block the hydrogen outlet. Consequently, the liquid
and all the bubbles ow through the oxygen outlet. The
hydrogen channel remains blocked until the end of the exper-
iment which creates an enormous hydrogen cross over.
Thereby, the hydrogen cross over is not shown in Fig. 6b at ow
rates below 40 mL h�1 in the surfactant-free electrolyte. This
problem can be resolved by using larger outlet channels but the
cross over does not fall below the ammability limit due to large
bubble formation inside the electrolyzer. The cross over reduces
to below the ammability limit at ow rate ¼ 80 mL h�1 either
by adding the surfactant to the electrolyte or decreasing the
production rate.

Fig. 6b indicates that hydrogen cross over below 1% can be
achieved using the electrolyte with the surfactant and at j ¼ 300
mA cm�2. However, 300 mA cm�2 is the maximum current
density beyond which the hydrogen cross over exceeds 1% in
the range of ow rates used in this study. As shown in Fig. 4,
a further increase in the ow rate leads to lower power
conversion efficiencies. As a result, achieving a higher produc-
tion rate at higher ow rates is not efficient.

The ow of bubbles between the electrodes is the main
drawback of the PE electrolyzer. The presence of bubbles
between the electrodes has an adverse effect on the effective
electrolyte conductivity48,62 since bubbles block ionic pathways.
The owing bubbles can cover the electrode surface when the
number of bubbles increases in the channel. This reduction in
the electrode active area augments the overpotential and
reduces the electrolyzer efficiency. Moreover, the number of
bubbles increases from the inlet to the outlet. This change in
the volume fraction induces a non-uniform current density
along the electrode.63 Increasing the current density in the PE
electrolyzer magnies these adverse effects and reduces signif-
icantly the efficiency.
Design of the PW electrolyzer

The PW electrolyzer utilizes two porous walls between nucle-
ation sites that help with product separation. The bubbles
cannot go through the wall pores due to the opposite ow
4 with and without the PFOS surfactant. The scan rate is 100mV s�1. (b)

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 The design and boundary conditions are shown at four steps of
geometry optimization. The length of wall pores is 100 mm in geometry
1. The length of wall pores is increased to 200 mm in geometry 2.
Afterwards, the porous walls are rotated by 0.75� in geometry 3. Finally,
the wall pores are rotated by 45� in geometry 4. The contours are the
water volume fraction from mixture flow simulation at t ¼ 0.2 s. The
inlet velocity is 0.4 m s�1.
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direction from the middle channel. Furthermore, the pores
require the large bubbles to deform in order to pass through
them; a phenomenon that is not energetically favorable. A
conned bubble travels in the outer channel rather than the
wall pores as it experiences smaller deformation. As a result,
this design can efficiently deal with large bubbles, forming at
high current densities. However, smaller bubbles can ow
through the wall pores and move to the middle channel. This
oen happens in the presence of reverse ows in the wall pores.
Moreover, the ionic resistance between the electrodes is directly
Fig. 8 (a) The velocity distribution at wall pores in the single-phase simu
the mixture flow simulations. The channel centerline is shown in Fig. 7.

This journal is © The Royal Society of Chemistry 2021
proportional to the size and number of the wall pores. There-
fore, this design should be optimized to achieve effective
product separation while minimizing the ionic resistance.

The distance between the electrodes is assumed to be
constant and the geometry of porous walls is optimized to
achieve a high production rate without any cross over. Two
design criteria of the PW electrolyzer are the equal distribution
of liquid ow in the wall pores and a negligible gas cross over.
Fig. 7a shows four steps of the geometry optimization with the
corresponding water volume fraction contours achieved from
mixture ow simulations. For each geometry, the conservation
of mass and momentum are solved to determine the ow
distribution in the wall pores for a single-phase ow. In this
simulation, the working uid is water. Water enters the middle
channel at a velocity of 0.4 m s�1 and exits through outlets of the
outer channels.

Secondly, mixture equations are solved to estimate the gas
cross over in each geometry. The primary phase is water and the
secondary phases are hydrogen and oxygen. The water enters
from the le port at the velocity of 0.4 m s�1 and exits through
the outer channel outlets. Hydrogen and oxygen enter the
channel through small inlets on the outer sides of posts at
velocities of 0.02 m s�1 and 0.01 m s�1, respectively corre-
sponding to a current density of 1.6 A cm�2. These small inlets
are used instead of the total surface of the electrode for the gas
inlets in order to imitate the nucleation points. It is assumed
that the facing sides of the opposite posts are not active
production sites. The boundary conditions are shown in Fig. 7.
The surface tension for the hydrogen-water and oxygen-water
pairs is considered to be equal to the air–water surface
tension which is 0.072 N m�1.37 The surface tension between
hydrogen and oxygen is neglected. The average diameter of
hydrogen and oxygen bubbles is assumed to be 10 mm. Table 2
presents the density and viscosity of the uids used in these
simulations.

The maximum velocity along the wall pores is presented in
Fig. 8a based on the single-phase simulations. Fig. 8b shows the
water volume fraction along lines drawn in the middle of the
channel based on multi-phase simulations. The water volume
fraction is one at the centerline if there is no cross over.
lations. (b) Average water volume fraction at the channel centerline in
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Table 2 Properties of the fluids used in the simulations

Fluid
Density (kg
m�3) Viscosity (kg m�1 s�1)

Water 998.2 0.001003
Hydrogen 0.08189 1.919 � 10�5

Oxygen 1.2999 8.411 � 10�6
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Geometry 1 has 100 mm wide pores. The liquid ow velocity is
not equal in the pores of this design and the water volume
fraction falls below 0.8 in the centerline aer 0.4 s. The width of
the pores is increased to 200 mm in geometry 2. This change
increases the water volume fraction at the centerline but there is
more than 10 percent gas in the channel centerline and the ow
distribution is not uniform in the pores. To address this issue,
the porous walls are rotated by 0.75� in opposite directions to
construct geometry 3. In this new geometry, the ow distribu-
tion is uniform and the water volume fraction is 0.99. Fig. 7
shows the gas cross over at the end of the middle channel of
geometry 3. In the nal step, geometry 4 is considered by tilting
the wall pores by 45�. The channel centerline remains free of
bubbles during 0.5 s simulation aer this change as shown in
Fig. 8b. This modication completely suppresses the gas cross
over and keeps the uniform ow distribution in the wall pores.
The effect of the wall pores' angles and sizes is further investi-
gated in Fig. S2 of the ESI.†

In the water electrolyzer, the bubbles can coalesce and create
a larger bubble. The mixture ow simulations shown in Fig. 7
assume small bubble sizes and do not capture the bubble
boundaries. Furthermore, these simulations do not consider
the effect of bubble interactions, coalescence, and deformation.
The multiphase mixture model is suitable for the optimization
of the geometry due to its low computational cost, but the
Fig. 9 The volume of fluid simulation of geometry 4 at three different i

2426 | Sustainable Energy Fuels, 2021, 5, 2419–2432
optimized geometry should be validated by a more accurate
model to consider the effect of large bubbles. The volume of
uid method determines the shape and position of the bubble
boundary and can simulate the bubble interaction. This
method is used to simulate the gas production and ow in
geometry 4. Fig. 9 shows the results of the volume of uid
simulation at three different water inlet velocities. The bubbles
block the wall pores when the inlet velocity is 0.05 m s�1 that
results in the ow of bubbles from the outer channels to the
middle channel and the creation of a large bubble. At inlet
velocities ¼ 0.2 m s�1 and 0.4 m s�1, the liquid ow velocity is
sufficient to prevent the blockage of the wall pores and achieve
complete gaseous product separation. Movie S1† shows the
numerical simulation of bubbles owing in geometry 4. The PW
electrolyzer is designed and fabricated based on geometry 4
with the wall pores angle ¼ 45� and wall pore size ¼ 80 mm.

PW electrolyzer

Fig. 10 shows bubbles generation and ow in the PW electro-
lyzer at j¼ 300mA cm�2 at different ow rate values. In addition
to the liquid ow, the porous walls and the controlled bubble
production sites (on the outer walls) contribute to product
separation. The bubble size is inversely proportional to the ow
rate which means that the large bubbles are more frequent at
smaller ow rates. The large bubbles owing in the outer
channels do not traverse the wall pores towards the main
channel in order to keep their surface energy as low as possible.
However, these large bubbles contribute to creating a pressure
imbalance between the two outer channels. As a consequence of
this imbalance, some smaller bubbles from the outer channels
move to the middle channel and even to the opposite outer
channel, increasing product cross-contamination. Some of
these bubbles can even coalesce in the middle channel and
create larger bubbles as observed at the end of the middle
nlet velocities 0.05 m s�1, 0.2 m s�1, and 0.4 m s�1.

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 The bubble generation and flow in the PW electrolyzer at j ¼ 300 mA cm�2 and various flow rates: the porous walls keep the hydrogen
and oxygen bubbles separated. The cathode and anode sides are specified in the images. The scale bar is 400 mm.
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channel in Fig. 10. Such large bubbles are trapped in the middle
channel and their size decreases from a ow rate of 30 mL h�1

until they completely disappear at ow rate ¼ 80 mL h�1.
The numerical simulations shown in Fig. 9 predict the large

bubble formation in the middle channel at small inlet velocities
and the effect of increasing the velocity on removing this
bubble. However, the removal of this large bubble from the
middle channel happens at smaller velocities in the numerical
simulations compared to the experimental results. This differ-
ence results from neglecting the effect of the channel height in
the two-dimensional simulations.

Bubbles should detach at small sizes from the electrode and
their coalescence must be inhibited in order to resolve large
bubble formation in the middle channel. Adding surfactants to
the electrolyte provides these benets. The surfactant decreases
the bubble size as discussed in the PE electrolyzer section. The
bubble generation aer adding the PFOS surfactant to the
electrolyte is shown in Fig. 11. The above-mentioned pressure
imbalance due to the formation of large bubbles decreases and,
therefore, bubbles do not migrate to the middle channel and no
bubble appears in the middle channel even at low ow rate ¼
30 mL h�1.

As shown in Fig. 5b, the number of bubbles at the channel
centerline of the PE electrolyzer increases signicantly by
increasing the current density to values higher than 300 mA
cm�2. On the other hand, the PW electrolyzer can operate at
current densities up to 600 mA cm�2 without detecting any
bubble in the middle channel as shown in Fig. 11b and c. The
applied potential is 3.03 � 0.05 V when the PW electrolyzer is
This journal is © The Royal Society of Chemistry 2021
working at current density ¼ 450 mA cm�2. The PW electrolyzer
requires 3.14� 0.06 V when the current density is 600 mA cm�2.

The wall pores are the ionic pathways in the PW electrolyzer.
The presence of bubbles in the wall pores blocks the ionic
pathways and reduces the effective electrolyte conductivity. A
comparison of Fig. 10 and 11 shows that the bubbles are not
blocking the wall pores in the electrolyte with the surfactant.
Therefore, the available area for the transfer of ions is not
reduced. The resulting reduction of the ohmic resistance in the
electrolyte with the surfactant compared to that of the
surfactant-free electrolyte leads to a better performance of the
PW electrolyzer as shown in Fig. 12a.

The Potentio Electrochemical Impedance Spectroscopy
(PEIS) measurements of the PE electrolyzer and the PW elec-
trolyzer are shown in Fig. S3.† This gure indicates that the
ohmic resistance between the electrodes is larger in the PW
electrolyzer compared to that in the PE electrolyzer. Placing the
electrodes in the outer channels and reducing the area normal
to ionic pathways are the main reasons for higher electrolyte
solution resistance in the PW electrolyzer compared to the PE
electrolyzer. On the other hand, the interelectrode space of the
PW electrolyzer is free from bubbles while bubbles are owing
between the electrodes in the PE electrolyzer. Accordingly, the
overpotential losses due to the ow of bubbles are smaller in
the PW electrolyzer compared to those in the PE electrolyzer.
The comparison of Fig. 6a and 12a shows that both electro-
lyzers require approximately the same potential when they
work at the same current density. Therefore, the effect of
bubble-free ionic pathlength is strong enough to compensate
Sustainable Energy Fuels, 2021, 5, 2419–2432 | 2427
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Fig. 11 Effect of the PFOS surfactant on bubble generation and flow in the PW electrolyzer working with 1 MH2SO4 + 10�4 M PFOS at j¼ 300mA
cm�2 (a), 450 mA cm�2 (b), and 600 mA cm�2 (c). The hydrogen and oxygen sides are indicated in the images. The scale bars are 400 mm.
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for the lack of generation sites in the sides facing each other in
the PW electrolyzer (Fig. 12a) versus the PE electrolyzer
(Fig. 6a).

The crossover of hydrogen to the oxygen side in the PW
electrolyzer is shown in Fig. 12b. In the surfactant-free electro-
lyte, the cross over is higher than the ammability limit only
when the ow rate ¼ 30 mL h�1. The liquid velocity is not high
enough at this ow rate to remove the bubbles from the device
before the bubbles become large. The cross over falls below the
ammability limit by increasing the ow rate. In the surfactant-
free electrolyte, there are bubbles in the middle channel at ow
rates ¼ 40 and 60 mL h�1 as shown in Fig. 10b, but these
bubbles do not contribute to cross-contamination as they are
2428 | Sustainable Energy Fuels, 2021, 5, 2419–2432
trapped in the middle channel and cannot go through the wall
pores. The addition of PFOS to the electrolyte decreases the
cross over further due to the coalescence inhibition and faster
bubble detachment which allows for an increase in the current
density from 300 mA cm�2 to 600 mA cm�2 while operating in
the safe crossover range.

Fig. 12c illustrates the average and standard deviation of the
applied potential to the PW electrolyzer at different ow rates
and a constant current density of 300 mA cm�2. The bubble
residence time on the surface of the electrode decreases as the
ow rate increases. There is more available active area if the
bubbles leave the electrode surface faster. Consequently, the
overpotential due to the electrode surface coverage by bubbles is
This journal is © The Royal Society of Chemistry 2021
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Fig. 12 (a) Polarization curve of the PW electrolyzer. The scan rate is 100 mV s�1. (b) Hydrogen cross over to the oxygen side at different flow
rates using the electrolyte with and without the surfactant. (c) The working potential at a constant current density of 300 mA cm�2: the bars
indicate the standard deviation of the potential in a 4 minute experiment.
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smaller. Therefore, the applied potential and the potential
oscillation decrease by increasing the ow rate.

The hydrogen cross over in the PE and PW electrolyzers is
shown in Table 3 which indicates a clear improvement in the
cross over by changing the design from the PE electrolyzer to the
PW electrolyzer design. The PE electrolyzer can produce prod-
ucts with safe cross overs only at ow rates as high as 80 mL h�1

and using the surfactant. However, the PW electrolyzer achieves
Table 3 Hydrogen cross over to the oxygen side in the PE and PW elec

Current density
(mA cm�2)

Flow rate (mL
h�1)

Hydrogen cross over to the

PE electrolyzer

Electrolyte without
PFOS

E
P

300 30 >50 1
300 80 8.2 � 0.4 0
450 80 — 2
600 80 — —

This journal is © The Royal Society of Chemistry 2021
a better product separation at a smaller ow rate without using
the surfactant. The cross over reduces in both electrolyzers in
the electrolyte with the PFOS surfactant. Product separation is
still more effective in the PW electrolyzer compared to the PE
electrolyzer when PFOS is added to the electrolyte. The
maximum current density of the PE and PW electrolyzers is 300
mA cm�2 and 600 mA cm�2 before the cross over exceeds 1% at
ow rate ¼ 80 mL h�1. Based on this comparison, the PW
trolyzers

oxygen side (%)

PW electrolyzer

lectrolyte with
FOS

Electrolyte without
PFOS Electrolyte with PFOS

4.7 � 1.8 4.9 � 3.4 0.17 � 0.04
.53 � 0.19 0.14 � 0.06 0.11 � 0.05
.11 � 0.43 — 0.30 � 0.09

— 0.53 � 0.15

Sustainable Energy Fuels, 2021, 5, 2419–2432 | 2429
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electrolyzer achieves two times higher production compared to
the PE electrolyzer while the hydrogen cross over remains below
1% and at ow rate ¼ 80 mL h�1.

It is desired to increase the length of electrodes and the
current density in order to achieve higher hydrogen production
rates. In the PE electrolyzer, the bubbles are being produced
between the electrodes and the gas volume fraction increases
continuously along the electrodes. Consequently, increasing the
electrode length or the current density results in a large gas
volume fraction between the electrodes, lower electrochemical
performance, and high pressure drops. On the other hand, the
bubbles are owing in the outer channels of the PW electro-
lyzer. Increasing the hydrogen production rate or the length will
lead to an increase in the gas volume fraction in the outer
channels while the middle channel is free from bubbles.
Therefore, the bubbles have a smaller effect on the electro-
chemical reaction in the PW electrolyzer compared to the PE
electrolyzer. Furthermore, increasing the width of the outer
channels prevents the increase in the pressure drop since the
pressure drop is inversely proportional to the cross-sectional
area.

The performance of the PW electrolyzer is compared with
that of reported membrane-less electrolyzers in Fig. 13. Re is
used to represent the velocity of the electrolyte which is calcu-
lated using the following equation:

Re ¼ rVD

m
(8)

where r, V, D, and m are the density of the electrolyte, the average
velocity at the inlet of the device, the hydraulic diameter of the
inlet, and the viscosity of the electrolyte, respectively. The
density and viscosity of 1 M sulfuric acid are 1060 kg m�3 and
0.00114 kg m�1 s�1. The hydraulic diameter is calculated at the
inlet with the width of W ¼ 300 mm and the height of H ¼ 80
mm.

The hydrogen cross over in the PW electrolyzer is equal to the
smallest reported value but the PW electrolyzer achieves this
Fig. 13 The cross over, Re, and current density of membrane-less
electrolyzers.17,20–24,32 The color bar depicts the maximum current
density at which the membrane-less electrolyzers are performing
water electrolysis. The PW electrolyzer is represented by PWE. The
data of the points are presented in Fig. S3 of the ESI.†

2430 | Sustainable Energy Fuels, 2021, 5, 2419–2432
cross over at smaller Re thanks to its design. Lowering Re
reduces the liquid pumping power and increases the energy
conversion efficiency.54 PE electrolyzers require high Re in order
to prevent large gas volume fraction between the electrodes
which leads to bubble cross over. Mesh electrode electrolyzers
can operate at smaller Re since the bubbles leave the channel
via the closest mesh pore. However, it is difficult to have equal
velocity in the mesh pores since they use a uniform mesh size
with normal angles. Furthermore, the generation of bubbles
between themesh leads to larger velocity inequality between the
mesh pores as the bubbles go through the pores. Therefore, Re
should be increased in the mesh electrode electrolyzers to
compensate for the unequal velocity distribution. The genera-
tion of bubbles in the outer channels and tilting the porous
walls and pores in the PW electrolyzer ensure the equal velocity
in the wall pores. As a result, the PW electrolyzer requires
smaller Re for product separation compared to PE and mesh
electrode electrolyzers.

Conclusion

Product separation is a challenging task in membrane-less
electrolyzers at high current densities. This paper investigates
the effects of geometry modication and the addition of
a surfactant to the electrolyte as two strategies in facilitating
product separation. The PE electrolyzer achieves good product
separation at a low current density of 75 mA cm�2. However, the
hydrogen cross over becomes more than the ammability limit
at a higher current density of 300 mA cm�2. Bubble coalescence
and large bubble detachment are the main reasons for the
formation of large bubbles in the channel that leads to unsafe
cross-contamination. The addition of the PFOS surfactant to the
electrolyte reduces the cross over to the values below the am-
mability limit as a result of smaller bubble generation and
bubble coalescence prevention. Moreover, the PFOS surfactant
decreases the surface screening of the electrodes by the bubbles
resulting in lower overpotentials.

In addition to the surfactant, the design of the membrane-
less electrolyzer has a signicant role in product separation.
The PW electrolyzer is presented to improve the production rate
without increasing the cross over. The hydrogen cross over is 58
times smaller in the PW electrolyzer compared to that in the
equivalent PE electrolyzer at the current density of 300 mA
cm�2. Furthermore, the PW electrolyzer can operate at 50%
higher current density compared to the PE electrolyzer with
good product separation.

Large-scale membrane-less electrolyzers have a larger inter-
electrode distance than microuidic electrolyzers due to the
ow of larger bubbles in the scaled-up electrolyzers. The PW
electrolyzer design can be scaled-up without increasing the
interelectrode distance since there is no bubble owing
between the electrodes. Large scale fabrication of inclined pores
and deposition of catalysts only on one side of the pores might
be challenging. However, additive manufacturing technologies
that have been developed in recent years can be used to facili-
tate the fabrication of large-scale PW electrolyzers with custom
pore designs.64
This journal is © The Royal Society of Chemistry 2021
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Der Meer, D. Lohse, H. Gardeniers and D. Fernández
Rivas, Gas Bubble Evolution on Microstructured Silicon
Substrates, Energy Environ. Sci., 2018, 11, 3452.

42 X. Zhao, H. Ren and L. Luo, Gas Bubbles in Electrochemical
Gas Evolution Reactions, Langmuir, 2019, 35, 5392.

43 O. Khaselev and J. A. Turner, A Monolithic Photovoltaic-
Photoelectrochemical Device for Hydrogen Production via
Water Splitting, Science, 1998, 280, 425.

44 R. Babu and M. K. Das, Effects of Surface-Active Agents on
Bubble Growth and Detachment from Submerged Orice,
Chem. Eng. Sci., 2018, 179, 172.

45 H. Y. Lee, C. Barber and A. R. Minerick, Improving
Electrokinetic Microdevice Stability by Controlling
Electrolysis Bubbles, Electrophoresis, 2014, 35, 1782.

46 D. Fernández, P. Maurer, M. Martine, J. M. D. Coey and
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