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product separation in solar water splitting†

Ciler Özen, a Keisuke Obata, a Peter Bogdanoff,a Nursidik Yulianto,bc

Hutomo Suryo Wasistobd and Fatwa F. Abdi *a

Efficient product separation is an essential requirement for the safe operation and implementation of solar

water splitting devices. Ion exchange membranes are typically used, but for a device that requires sunlight

illumination to travel from one electrode to the other, thesemembranes may introduce parasitic absorption

and reduce the achievable device efficiency. Here, we investigate the feasibility of utilizing transparent

polymer sheets as separators in solar water splitting devices. Porosity is introduced into the polymer

sheets by femtosecond laser-patterned micropore arrays with various diameters and pitch distances. Our

experimental data and numerical simulation results show that these polymer sheets not only have low

parasitic absorption, but also lower resistances as compared to a commercial anion exchange

membrane. Finally, product crossover through the transparent porous separators is evaluated using

a particle tracing model under the realistic operation conditions of solar water splitting devices. Minimal

crossover can be obtained by optimizing the separator as well as the operational parameters.
Introduction

Green hydrogen production technologies have received signi-
cant attention due to increasing environmental concerns over
traditional energy production methods.1–4 One interesting
method of producing green hydrogen is photoelectrochemical
(PEC) water splitting, in which light-absorbing semiconductors,
oen coated with additional electrocatalysts, are immersed in
aqueous solutions to drive the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). This approach is
oen compared with the indirect coupling of photovoltaic cells
and electrolyzers, and it has been argued that PEC systems may
be benecial in terms of thermal integration and lower overall
hydrogen cost due to fewer Balance of System (BOS) compo-
nents.5–8 Solar-to-hydrogen (STH) efficiencies approaching 20%
have been reported with devices based on high quality III–V
photoabsorbers,9–11 while devices based on complex oxide
absorbers have shown more modest efficiencies of �8%.12,13
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With these appreciable efficiencies demonstrated, efforts on
device engineering have been the focus of many studies,
particularly in order to minimize device losses and to enable
increasing scale and output power of the devices.14–19 Devices
with total photoactive area as large as 6400 cm2 and output
power up to 27 W have been reported.11,20

One consideration especially important for large-scale
implementation of PEC devices is efficient product separation.
Several device architectures have been proposed in the litera-
ture, and an interesting one is the membrane-less congura-
tion.14,21 In such a conguration, product separation is achieved
through the hydrodynamic control of the device. It has been
shown that minimal crossover can be achieved despite the
absence of membrane.21,22 However, it is still not clear whether
any safety regulators would allow large-scale implementation of
membrane-less devices.23,24 For safe device operation and
production of high purity products, ion exchange membranes
are oen employed as a separator between the anode and the
cathode to avoid mixing of product gases (H2 and O2). None-
theless, most membranes, especially the anion exchange ones,
are not optically transparent.25–27 This is a problem especially for
tandem devices—most demonstrated devices use tandem
conguration—since the use of membranes will introduce
parasitic absorption and decrease the number of photons that
reach the photoelectrodes.

In this study, we propose the use of porous polymer sheets as
transparent separators in a PEC water splitting device. We show
that porous polymer sheets have higher transmittance
compared with that of anion exchange membranes. At the same
time, lower ohmic drop can be obtained with these porous
Sustainable Energy Fuels, 2022, 6, 377–385 | 377

http://crossmark.crossref.org/dialog/?doi=10.1039/d1se01475g&domain=pdf&date_stamp=2022-01-15
http://orcid.org/0000-0001-6516-2850
http://orcid.org/0000-0003-3544-9505
http://orcid.org/0000-0001-5631-0620
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1se01475g
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE006002


Fig. 1 Schematic illustration of the femtosecond laser micro-
machining setup utilizing a Galvanometer x–y scanner used in this
study for micropatterning the polyester (Mylar) and fluorinated
ethylene propylene (FEP) films.

Fig. 2 Transmittance spectra (left y-axis) of polyester films (Mylar,�23
mm), fluorinated ethylene propylene films (FEP, �25 mm) and anion
exchange membrane (AEM). The spectra for AM1.5 photon intensity
transmitted through these films (right y-axis) are also shown accord-
ingly. Transmittance spectra for FEP and Mylar films of other thick-
nesses are shown in Fig. S6.†
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polymer sheets. The relationship between the various proper-
ties of the transparent separators (e.g., porosity, pore diameter
and thickness of separator) and the ohmic drop is revealed. A
multi-physics numerical model is also developed to simulate
this relationship, and we found a good agreement between the
numerical simulation and the experimental results. Finally, the
effectiveness of these transparent separators in preventing
product crossover is assessed by performing numerical simu-
lations based on a particle tracing two-phase ow model.

Experimental and numerical methods
Sample fabrication and characterization

Transparent polyester (Mylar) and uorinated ethylene propylene
(FEP) lms (RS Pro, RS Components GmbH) of various thick-
nesses were used as the starting point for the fabrication of the
transparent porous separators. Mylar and FEP are structurally
solid, and their yield strengths are�100 and 12MPa, respectively,
which is at least 2 orders of magnitude higher than the operating
pressure of a standard solar water splitting cell (i.e., 1 bar). The
transmission of these lms was determined from UV-vis
measurements using a PerkinElmer Lambda 950 spectropho-
tometer. The lms were processed to become porous separators
containing hole arrays utilizing a femtosecond laser micro-
machining technique, which offers several benets during
material ablation (i.e., low heat-affected zone production, fast and
dry process, and high precision).28 Other than polymer struc-
turing, this method has recently been implemented in the li-off
and transfer process of gallium nitride (GaN) thin-lm and
microscale light-emitting diodes (LEDs).29,30 Similar to the
underlying mechanism for femtosecond laser li-off of semi-
transparent semiconductormaterials (e.g., InGaN/GaN LEDs), the
use of laser enables the processing of transparent polymers via
nonlinear optical interaction, which prevents heating effect
surrounding themicroholes during the laser ablation process.31–33

The ultra-fast laser system based on an Yb-based commercial
femtosecond laser source (SPIRIT-1040, Newport Spectra-Physics
GmbH, Germany) was used in this study. This laser has constant
parameters, i.e., a center wavelength of 520 nm, a pulse width of
350 fs, and a repetition rate of 200 kHz. The laser beam passed
through a galvanometer scanner (IntelliSCAN III, SCANLAB
GmbH, Germany) onto a telecentric f-theta objective lens and the
sample positioner underneath, which is controlled by an inte-
grated soware to produce various micropatterns on the sample
workpiece (see Fig. 1). The diameter and pitch of the microholes
on the polymer sheets weremeasured using ImageJ soware from
the captured optical microscopic images.

In order to measure the resistance of the separators, elec-
trochemical impedance measurements were performed in
a two-electrode conguration using a VersaSTAT 3 potentiostat.
Both the anode and cathode were 200 nm Pt electrodes (active
area 6 cm2) on FTO substrates that were pre-deposited with
5 nm Ti as an adhesion layer. Pt and Ti depositions were carried
out by electron beam evaporation in a high vacuum deposition
chamber pumped by a typical dry turbo molecular pumping set
with a typical base pressure of 2 � 10�7 mbar. The Ti and Pt
deposition rates were 0.15 and 0.65 nm s�1, respectively, as
378 | Sustainable Energy Fuels, 2022, 6, 377–385
controlled during the deposition using a quartz crystal micro-
balance. The surface of Pt electrodes was connected to an
electrical wire with a conductive tape, which was aerwards
insulated using an epoxy resin. Impedance measurements were
carried out with these two electrodes, separated at 1.8 cm, with
and without the porous separator in the middle of the cell. The
resistance of the porous separator (Rsep) was determined by
taking the difference between these two measurements. For
each conguration, at least 5 different measurements were
performed, and the obtained values were averaged and pre-
sented with error bars in this paper. Prior to each impedance
measurements, the porous separators were submerged several
times. 0.2 M potassium phosphate (KPi) buffer (pH 7) solutions
were used as the electrolytes, which were prepared by dissolving
KH2PO4 (Sigma-Aldrich, 99.0%) and K2HPO4$3H2O (Sigma-
Aldrich, 99.0%) in Milli-Q water (18.2 MU cm). The conduc-
tivity of the electrolyte was �20 mS cm�1.

As reference, the properties (e.g., transmission, resistance) of
a commercial anion exchange membrane (100 mm, 551642S, Lot
This journal is © The Royal Society of Chemistry 2022
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no. 105849, VWR Chemicals) were also measured and compared
to those of the transparent porous separators. Anion exchange
membrane was used here instead of a more common cation
exchange membrane (e.g., Naon) since it has been reported
that the use of cation exchange membranes in phosphate buffer
electrolytes resulted in larger concentration overpotentials due
to pH gradient as compared to when anion exchange
membranes was used.34

Model description

The numerical model used in this study considers the following
processes: (i) oxygen evolution reaction (OER) at the anode, (ii)
hydrogen evolution reaction (HER) at the cathode, (iii) ionic and
dissolved gas transport within the electrolyte solution, (iv)
continuous supply of the electrolyte and (v) transport and removal
of gaseous hydrogen and oxygen. Since the focus of this study is
on the separator and its impact on additional ohmic losses and
product crossover, we ignored transport of holes and electrons
within the electrode, i.e., the electrode is assumed to be extremely
thin and only the electrode surface is considered. Ohmic losses
and product crossover through the separator were analyzed in two
separate models as described below. COMSOL Multiphysics® 5.6
was used as the numerical tool for the solution of both models.

Electrochemistry: modeling of ohmic losses

A 2D electrochemical model domain is used in this study, as
illustrated in Fig. S1.† The domain consists of two face-to-face
electrodes (i.e., anode and cathode) and a separator that sepa-
rates the product gases (i.e., O2 and H2). The dimensions used
were chosen, so that they mimic the experimental setup as close
as possible. A constant average current density (japp) was
applied at the anode, and the potential at the cathode was set to
be zero. OER at the anode and HER at the cathode were
modeled with Butler–Volmer equation,35,36 considering the
parameters listed in Table S2.† Ionic transport in the electrolyte
solution (diffusion, migration, and convection) was modeled
using Nernst–Planck equation. A continuous inow of the
electrolyte from the bottom of the cell was considered, and the
velocity prole of electrolyte ow was assumed to be laminar
and calculated using the mass and momentum conservation
(Navier–Stokes equation). Detailed mathematical description of
the system, the optimized mesh congurations of the compu-
tational domain and COMSOL implementation are presented in
the ESI, Note 1. Steady-state solutions were carried out using the
multifrontal massively parallel sparse (MUMPS) direct solver.

The initial validity of the 2Dmodel described above and in ESI,
Note 1 was tested by several comparisons. First, the electrolyte
potential distribution obtained using a more computationally
expensive 3Dmodel (with smaller domain sizes) and the 2Dmodel
was compared (see Fig. S3†). Good agreement was found, sug-
gesting that the 2D model can sufficiently represent the system.
The 2D model was therefore employed throughout the study.

Next, two different approaches of introducing the separator
porosity into the model were considered. The rst approach
considered individual pores of the separator introduced into the
structure (i.e., the separator was divided into solid and liquid
This journal is © The Royal Society of Chemistry 2022
domains, and only the liquid domain was evaluated in the
simulation) (Fig. S4†). As an alternative, the second approach
only considered a single domain for the separator, and the
porosity was included by introducing Bruggeman correction for
the diffusion coefficients of ions and dissolved gases.37

Di,eff ¼ 33/2Di (1)

3 is the porosity, Di is the diffusion coefficient of species i, and
Di,eff is the effective diffusion coefficient in the porous sepa-
rator. We found that in the second approach, pore diameter and
distribution do not impact the overall cell resistance; only
porosity was found to be important. This contradicted the
experimental ndings. In contrast, all these parameters were
found to be affecting the overall cell resistance using the rst
approach (see Fig. S5†). Therefore, the rst approach was used
throughout our numerical parametric analysis.

Particle tracing: modeling of product crossover throughout
separator

Gas bubble crossover and dissolved gas crossover were analyzed
for all the different separator congurations by means of
numerical model. We took into account the realistic congu-
ration of a solar water splitting cell that will be oriented at an
angle facing the sunlight illumination. A xed tilt angle of 30�

was considered (0� corresponds to horizontal orientation and
90� vertical orientation), based on the reported optimal angle
for PV panels in Europe.38 It was recently shown that higher
product crossover is obtained when the anode is considered as
the upward-facing electrode, due to the gas–liquid interac-
tion.22,39 In this model, we therefore only consider oxygen gas
bubble movement from the upward-facing electrode, which was
calculated considering the drag and gravity forces (eqn (2)).

d
�
mpv

�

dt
¼ FD þ Fg (2)

Here,mp, and v are particle mass and particle velocity vector,
respectively. FD and Fg are the drag and gravity forces, respec-
tively. The drag force was calculated using the Hadamard–
Rybczynski equation. Constant uxes of gas bubbles and dis-
solved gasses were assumed to be perpendicular on the anode
surface, which were calculated based on the current density and
the bubble formation efficiency (hbubble) of 0.5.21,39 The bubble
diameter was considered to be constant at 100 mm.21 Similar to
the electrochemistry model above, the bottom of the cell was
taken as the inlet of the electrolyte, and the velocity prole of
electrolyte ow was assumed to be laminar and calculated using
the mass and momentum conversation (Navier–Stokes equa-
tion). A one way coupling between the laminar ow and the
particle tracing was assumed (i.e., bubble movement impact on
the electrolyte velocity prole was ignored). Detailed boundary
conditions, parameters used, optimized mesh congurations of
the computational domain and detailed model implementation
in COMSOL are explained in ESI, Note 2. Direct method (PAR-
DISO) for laminar ow and iterative generalized minimum
residual (GMRES) method for time dependent particle tracing
Sustainable Energy Fuels, 2022, 6, 377–385 | 379
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model were carried out. The product crossover was quantied
by integrating the amount of particle (i.e., product gas bubble)
and concentration of dissolved gas that crosses the anolyte into
the catholyte chamber through the separators. Preliminary
crossover experiments to validate the model was performed; the
description and the results are shown in ESI, Note 2.
Results and discussion
Porous polymer sheets as transparent separators

The transparency of polyester (Mylar) and FEP lms was rst
evaluated by performing UV-vis transmission measurements.
Fig. 3 The optical microscopic images of the samples with different
micro-hole array patterns, hole diameters (dpore), and pitches (p): (a)
Mylar, dpore ¼ 100 mm, p ¼ 200 mm, (b) Mylar, dpore ¼ 100 mm, p ¼ 300
mm, (c) Mylar, dpore ¼ 100 mm, p¼ 500 mm, (d) Mylar, dpore¼ 400 mm, p
¼ 800 mm, and (e) FEP, dpore ¼ 400 mm, p ¼ 800 mm. (f) A represen-
tative confocal laser scanning micrograph of the micro-hole arrays.

Fig. 4 Comparison of simulated and experimentally obtained resistance
pore diameters (dpore): (a) Mylar films with dpore ¼ 400 mm, (b) FEP films
shown here have a porosity of 0.2. In all plots, the resistance value o
comparison.

380 | Sustainable Energy Fuels, 2022, 6, 377–385
Fig. 2 shows the transmittance spectra of both polymer sheets,
which are also compared with that of anion exchange
membrane (AEM). At wavelengths >600 nm, Mylar and AEM
have similar transmittance, but Mylar lms transmit more light
than AEM at lower wavelengths. This is important, since the
peak irradiance of the solar spectrum lies within this wave-
length range (�500–600 nm). The transmission of FEP lms is
even higher than both AEM and Mylar lms across all wave-
length range. The spectra for AM1.5 intensity transmitted
through these lms are also plotted in Fig. 2. Overall, both
polymer sheets (i.e., Mylar and FEP) demonstrate a good
potential to be used as more transparent separators than AEM.

The polymer sheets were then processed to introduce the
porosity using laser micromachining. The ablation thresholds
or the minimal energy densities required to initiate removal for
different materials (i.e., Mylar and FEP lms) were rst deter-
mined. Other studies have reported that the ablation threshold
uence might vary between�0.2 and�0.8 J cm�2 depending on
the target polymer lms.31,40 Here, the ablation threshold for
FEP and PET were investigated at 0.6 and 0.84 J cm�2, respec-
tively.41,42 Although such low uence levels can modify the
polymer surfaces, only minor ablated marks are created on
those lms. In our case, to drill through the whole lm thick-
ness and to fabricate homogenous micro-hole arrays in an area
of 5 � 5 cm2, a constant average laser power of 4 W having
a peak uence of �7.7 J cm�2 was required during laser pro-
cessing. Note that this value is lower than the energy to drill
through a ceramic and soda lime glass of 9.14 and 26.0 J cm�2,
respectively.43,44 In this experiment, a laser scanning speed of
0.5 m s�1 was used with 15� repetition. The circular microhole
arrays having various diameters (dpore ¼ 100–400 mm) and
pitches (p ¼ 200–800 mm) were created by laser drilling through
of separators (Rsep) with different polymer types, thicknesses (dsep) and
with dpore ¼ 400 mm and (c) Mylar films with dpore ¼ 100 mm. All films
f a commercial anion exchange membrane (AEM) is also shown for

This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1se01475g


Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 4
:5

0:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the polymer lms (see Fig. 3). The laser beam has a diameter of
�20 mm when focused on the target surface. To perforate the
polymer sheets, the laser beam erodes the circle edge area.
Here, the process results in abrasive deviation in the circle edge
during the laser micro-cutting process through several repeti-
tions. Therefore, the fabricated holes possess slightly larger
diameters than initially intended, as listed in Table S1.†
Fig. 6 Comparison of the resistance of separators obtained from both
simulation and experiment as a function of the porosity. The experi-
ments were carried out employing Mylar films with pore diameter
(dpore) of 100 mm and thickness (dsep) of 75 and 125 mm.

Fig. 5 (a and c) Colormaps of electrolyte potential and (b and d)
electrolyte current density vector for systems with separator of
different pore diameters (dpore) but the same porosity of 0.2. dpore is
400 mm in (a and b) and 100 mm in (c and d). The applied current
density on the anode is 1 mA cm�2.
Ohmic resistance of transparent porous separators

The contribution of separators to the total ohmic losses was
calculated numerically and measured experimentally. All
parameters used in the simulation are listed in Table S2.† In the
numerical model, the electrical potential differences between
the anode and cathode surfaces were simulated with and
without the various separators. These potential differences were
transformed to resistances by considering the applied current
density and the respective size of the separators. Experimen-
tally, impedance measurements were carried out with and
without separator to determine the separator resistance. The
numerical results were then quantitatively compared with the
experimental data.

Fig. 4a shows the experimentally obtained and simulated
resistances (Rsep) of Mylar lms with various thicknesses (dsep)
but the same dpore of 400 mm and porosity of 0.2. As expected,
experimentally obtained Rsep rises with increasing dsep, from
a value of 0.30� 0.07 U for the 25 mm-thick lms to 0.61� 0.1 U
for the 125 mm-thick lms. These values agree very well with the
simulated values. The same dataset for FEP lms (dpore of 400
mm and porosity of 0.2) is plotted in Fig. 4b. Again, we observe
the same trend, and the Rsep values seem to be independent of
the type of polymer sheets (Mylar vs. FEP). As a comparison, the
Rsep value of a commercial AEM is also indicated. For both
Mylar and FEP, even the thickest lms studied here have lower
Rsep than that of AEM. This indicates not only that these poly-
mer lms introduce lower parasitic absorption (vide supra) but
using them as separators will also result in lower ohmic losses
in the overall device. It should also be noted that a reduction of
�0.3–0.5 U may seem to be trivial, but in large-scale devices
where the operating current can reach several hundreds of mA
or even several A,11,18,45,46 the impact on the resulting ohmic
losses can be very signicant.

We also evaluate the impact of varying dpore to the resulting
Rsep values. Fig. 4c shows Rsep vs. dsep for Mylar lms with dpore
of 100 mm. The same trend of increasing Rsep with thicker dsep is
observed. However, the overall values are lower than those lms
with dpore of 400 mm despite having the same dsep and porosity.
Simulated and experimentally obtained values show reasonable
agreement, but a larger deviation than those in Fig. 4a and b is
observed. We attribute this to the larger relative errors of dpore
and pitch p—and thus the porosity—in the fabricated lms
(Table S1†).

In order to understand the reason behind the lower Rsep
values for smaller dpore, a closer look at the electrolyte potential
and current density distribution between the electrodes is
needed. In the numerical model, we therefore modied the pore
diameter of the separator but kept the porosity and thickness
This journal is © The Royal Society of Chemistry 2022
constant. Fig. 5 compares the electrolyte potential and current
density distribution in systems with separators of different dpore,
400 mm and 100 mm. Lower dpore results in lower electrical
potential difference (see Fig. 5a and c). We attribute this to the
more uniform current density distribution as the pores become
more closely packed. Indeed, as shown in Fig. 5b and d,
decreasing dpore from 400 to 100 mm lowers the maximum elec-
trolyte current density in the pores by �15% (7 vs. 6 mA cm�2).

Finally, the inuence of porosity on Rsep is shown in Fig. 6 for
Mylar lms with dpore of 100 mm. For lms with the thickness of
125 mm, Rsep decreases from 2.4 to 0.5 U by increasing the
Sustainable Energy Fuels, 2022, 6, 377–385 | 381
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porosity from 0.03 to 0.28. The same trend is observed for lms
with lower thickness showing overall lower Rsep. The simulated
values also agree well with the experimental data.

Product crossover of transparent porous separators

Upon establishing that the transparent porous separators can
offer lower ohmic losses in solar water splitting systems, we now
turn our attention to the effectiveness of these separators to
prevent product crossover. Using our particle tracing model (see
Model description section and ESI, Note 2), we simulated the
product gas bubbles and dissolved gas crossover through the
separator with various parameters, i.e., electrode distance,
porosity, pore diameters. The model was validated by per-
forming preliminary product gas crossover experiments, as
described and shown in the ESI, Note 2. As mentioned earlier,
we consider a device tilt angle of 30� from the horizontal
orientation, as it corresponds to the optimal angle for sunlight
utilization in Europe,38 and the anode is the upward-facing
electrode as this represents the more conservative condition
(i.e., higher product crossover).22 We found that due to the
laminar ow present in the cell dissolved O2 does not cross from
the anolyte to the catholyte even in the most pessimistic case
Fig. 7 (a) Simulated O2 bubble distribution within the cell for time¼ 0.05,
and the separator in the middle of the cell has a porosity of 0.2 and pore
applied current density is 10 mA cm�2. Note that the sizes of the bubbles
bubbles does not decrease with increasing time and a uniform size was
resulting product bubble crossover at two different inlet electrolyte veloc
is 400 mm), (c) separator's porosity (electrode distance is 0.75 cm and p
0.75 cm and porosity is 0.2).

382 | Sustainable Energy Fuels, 2022, 6, 377–385
considered here, such as shortest electrode distance, lower
velocity, largest pore diameter and porosity (see Fig. S8†). This is
in contrast to the case where no electrolyte ow is introduced
into the cell (see Fig. S9†); in this case, signicant crossover is
expected, which highlights the importance of electrolyte ow in
minimizing crossover. Since we always introduce inlet velocity
in our simulations, we therefore discuss only the product gas
bubble crossover from the particle tracing simulation in the
remainder of this study.

Fig. 7a illustrates the simulated release of O2 bubbles from
the anode surface at different time values. With increasing time,
it can be clearly seen that bubbles move away from the electrode
and picked up their velocities (due to gravity and drag forces),
up to the point where they reach the separator. Due to the
porous nature of the separator (in this case, dpore is 400 mm and
porosity is 0.2), most O2 bubbles remain in the anolyte and only
several of them cross to the catholyte. The impact of the pore
diameters and porosity to the amount of bubble crossing to the
catholyte can be qualitatively observed in the ESI, Movies S1–
S3.† As expected, a higher number of bubbles can be observed
in the catholyte when a separator with larger pore diameter or
higher porosity is used.
0.3, 0.5, 1, 2 and 3 seconds. The anode-to-cathode distance is 0.75 cm
diameter of 400 mm. The inlet electrolyte velocity is 1 cm s�1, and the
shown here are chosen for clear visualization purpose; the size of the
chosen for each timestamp. The impact of various parameters to the
ities: (b) electrode distance (separator porosity is 0.2 and pore diameter
ore diameter is 400 mm), and (d) pore diameter (electrode distance is

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Total efficiency loss for various porosity values. Here, the total
efficiency loss was calculated by taking into account the power losses
due to product crossover and ohmic loss of separator, with respect to
the incident power of sunlight irradiation.
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The bubble crossover is quantied by integrating the ratio of
O2 bubbles in the catholyte to the total produced O2 bubbles at
time >3 s (aer this point, the amount of crossover already
saturates). The bubble crossover is shown in Fig. 7b–d as
a function of the distance between electrodes, separator
porosity and pore diameters at two different electrolyte inlet
velocity values. As expected, product bubble crossover can be
suppressed by increasing electrode distance, decreasing
porosity, and reducing pore diameter. When the inlet electrolyte
velocity is 2 cm s�1, the product bubble crossover is found to be
negligible when the electrode distance is >1.2 cm, and no safety
concern (i.e., bubble crossover >4%) is observed for almost all
different cases of separator porosity and pore diameters.
Decreasing the inlet electrolyte velocity to 1 cm s�1 increases the
crossover, since the lower electrolyte velocity close to the anode
allows for higher ux of O2 bubbles to reach the separator. Safe
conditions were achieved for electrode distance larger than
1 cm (porosity ¼ 0.2 and dpore ¼ 400 mm, see Fig. 7b), for
porosity equal to or lower than 0.1 (electrode distance/cell width
¼ 0.75 cm, dpore ¼ 400 mm, see Fig. 7c), and for pore diameter
lower than 400 mm (electrode distance/cell width ¼ 0.75 cm,
porosity ¼ 0.2, see Fig. 7d).

Optimization of porosity for minimum power losses

Finally, we can now summarize the overall impact of tailoring
the physical properties of the polymer sheets on their efficiency
as product separators in a solar water splitting cell. Fig. 6 and 7
indicate that increasing porosity of the separator decreases the
ohmic loss but increases the product bubble crossover. This
trade-off suggests that an optimum porosity exists that mini-
mizes the overall loss within the solar water splitting cell. We
dene the ohmic power loss (Ploss,ohmic) and product bubble
crossover power loss (Ploss,crossover) by the following equations:

Ploss,ohmic ¼ japp
2 � rsep � dsep (3)

Ploss,crossover ¼ jcrossover � V0 (4)

rsep is the resistivity of the separator (calculated based on the
experimentally obtained Rsep and the separator area), jcrossover is
the portion of japp that is lost due to product bubble crossover,
and V0 is water splitting redox potential (i.e., 1.23 V). By dividing
each of these power losses with the power input of sunlight
irradiation (100 mW cm�2), the ohmic and crossover efficiency
losses (hohmic/solar and hcrossover/solar) can then be calculated. In
the case of the oxygen producing electrode as the upward-facing
electrode, which is the condition simulated in our study, we
note that we already assume any O2 bubble crossover to be
completely lost and decreasing the H2 production at the
cathode. In other words, the worst-case scenario is considered
in terms of the efficiency loss in eqn (4).

Fig. 8 illustrates the inuence of porosity on hohmic/solar (red
squares) and hcrossover/solar (blue triangles) for japp ¼ 10 mA
cm�2, dpore¼ 400 mm, and dsep of 125 mm. The anode-to-cathode
distance was set to be 0.75 cm. By increasing the porosity, hoh-
mic/solar decreases from values above 3% to practically zero for
porosity larger than 0.4, while hohmic/solar increases to >2%. The
This journal is © The Royal Society of Chemistry 2022
combination of these two losses (green circles) is also shown in
Fig. 8, and a minimum total efficiency loss of�1.5% is observed
at the porosity of �0.25. This analysis highlights that optimi-
zation is necessary, also depending on other parameters of the
cell design and operation (e.g., pore diameter, electrode
distance, and current density), in order to determine the
porosity at which the loss is minimized. For example, when all
parameters in the previous analysis is maintained but the pore
diameter is decreased to 100 mm, the total efficiency loss
monotonously decreases with increasing porosity (Fig. S10†),
since the product bubble crossover is negligible for all porosity
values and the total loss is only determined by the ohmic loss.

Finally, we briey compare the efficiency losses with that of
AEM. Since no product bubble crossover is expected when AEM
is used, the total efficiency loss is only composed of the ohmic
loss. Based on the Rsep value in Fig. 4, the hohmic/solar of AEM is
�0.5%. This value is lower than the total efficiency losses when
porous separators with dpore¼ 400 mmand any porosity are used
(Fig. 8), but higher than those when separators with dpore ¼ 100
mm and porosity >0.2 are used (Fig. S10†). In the end, the choice
of the transparent separator vs. AEM should consider these
losses as well as the parasitic absorption loss (Fig. 2), which
largely depends on the bandgap of the photoabsorber used in
the solar water splitting cell.
Conclusions

In summary, we have investigated the potential of using poly-
mer sheets, specically polyester (Mylar) and uorinated
ethylene propylene (FEP), as transparent separators in solar
water splitting devices. Both sheets have higher transmittance
than commercial anion exchange membranes; FEP especially
transmits >90% of the light across the UV-vis-NIR wavelength
range. Using a combination of experiments and numerical
simulations, we have also shown that not only these polymer
sheets have low parasitic absorption, but they also have lower
Sustainable Energy Fuels, 2022, 6, 377–385 | 383
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resistances as compared to commercial anion exchange
membranes when microarrays of pores are introduced by laser
micromachining onto these polymer sheets. A thorough para-
metric analysis was done to show the inuence of e.g., porosity,
pore diameter, thickness on the added ohmic loss by intro-
ducing these transparent porous separators, and a good agree-
ment was achieved between the simulation and experimental
results. Finally, the product crossover in a solar water splitting
cell that uses the transparent porous separators was evaluated
using particle tracing simulations under realistic device
conditions, e.g., relevant current density and device tilted at 30�

to face the sunlight irradiation. As expected, increasing the
porosity of the separators increases the product bubble cross-
over, which competes with the advantageous effect of decreased
ohmic loss. Based on this trade-off relationship, an optimiza-
tion study was carried out and we have shown that a particular
porosity exists at which the total efficiency loss (i.e., product
bubble crossover + ohmic loss) can be minimized. Similar
optimization efforts would be needed for systems with other
device operational and design parameters. Overall, our study
demonstrates that transparent porous polymer sheets can be
used as efficient product separators in solar water splitting
devices.
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