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The emerging process of CO2 capture and sequestration will likely require large volumes of caustic. The

fossil fuel demand and carbon footprint of transporting liquid caustic is self-defeating, and hence, there is

a need for energy-efficient, on-site caustic production for carbon capture projects. Caustic production is

dominated by the well-established “chlor-alkali” process. This process requires highly concentrated

(∼25% w/v) and pure (>99.5 wt%) NaCl feed brines, uses high-cost ion-exchange membranes and high

operating temperatures (90 °C), and generates a highly-concentrated (>33% w/v) caustic stream that

can be further concentrated using thermal evaporation. This highly concentrated caustic is then

shipped to customers, where it is typically diluted to the required level. We have developed a flow-

through membrane/cathode electrolysis process that produces a caustic solution (pH 10.22–12.26) at

a specific energy consumption (SEC) of 1.71 kW he kg−1 NaOH at room temperature using a 3.5% w/v

NaCl solution as feed, while achieving pure H2 generation without the use of ion exchange

membranes. We demonstrate that the SEC is strongly dependent on the flow rate through the

cathode, reaching a minimum at a high rate of 1200 L m−2 h−1. Electrochemical impedance

spectroscopy, confocal microscopy, and finite element modeling show that the SEC is lowered

through a combination of enhanced mass transport (of H+ and OH− ions) to and from the cathode

surface and H2 gas stripping, both facilitated by the high flow rates. This technology offers the

opportunity for the on-site production of dilute caustic streams (potentially from softened seawater) at

a significantly reduced energy cost (compared to conventional chlor-alkali processes that consume

>2.1 kW he kg−1 NaOH).
1. Introduction

Efficient production of caustic (NaOH) is a critical require-
ment for many industrial processes, including chemical
manufacturing, food processing, and water treatment.1,2 In
recent years, because of the increasing number of abnormal
climate events,3 there has been an increasing focus on the use
of caustic in the transition toward carbon-free industrial
processes, such as CO2-free cement manufacturing4 and CO2
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capture and sequestration.5,6 In these applications, caustic is
used to increase the alkalinity of water to either enhance the
concentrations of bicarbonate (e.g., in ocean alkalinity
enhancement and direct air capture), or to drive the formation
of stable minerals such as CaCO3 (which offer a permanent
storage solution for CO2).7–10 The chlor-alkali process is the
traditional method used for the production of caustic, with
several technology iterations developed over the decades (e.g.,
membrane, diaphragm, and oxygen depolarized cathode
electrolysis).11,12 In all of these process congurations, the
anode and cathode are separated by a hydraulic separator,
which can be either a diaphragm or an ion exchange
membrane.13,14 The electrodes are then placed in a high-
salinity environment, typically a 25% w/v NaCl aqueous solu-
tion as anolyte, and a ∼30% w/v NaOH solution is fed to the
cathodic compartment as catholyte. When the electrodes are
polarized, chloride ions are oxidized on the anode to produce
chlorine, while protons and water are reduced on the cathode
to produce hydroxide ions and hydrogen gas.12 The typical
NaOH concentrations produced by traditional chlor-alkali
reactors range between 30% w/v and 35% w/v, and further
J. Mater. Chem. A
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concentration can be achieved through water evaporation and
NaOH precipitation.12

Due to the high cost and high resistance introduced by ion
exchange membranes, which are widely used in many electro-
chemical applications, researchers began to consider the
development of membraneless water electrolysis cells. The
laminar ow approach, demonstrated by Hashemi et al.15 and
Jiang et al.,16 uses uid ow to keep hydrogen and oxygen gas
bubbles in separate streams. However, this method suffers from
high resistance due to gas bubbles, leading to low overall energy
efficiency, making it unsuitable for practical applications. The
capillary action approach, highlighted by Li et al.17 and Tiwari
et al.,18 used hydrophobic gas diffusion electrodes to directly
extract gases, eliminating bubbles and achieving high energy
efficiency. However, this approach does not produce alkalinity.
The convective ow approach, explored by Gillespie et al.19 and
Swiegers et al.,20 involves pumping an electrolyte through
porous electrodes, achieving higher energy efficiency and
effective gas separation. However, the work does not fully
address the effects of uid ow rate (ux) through the electrode
on bubble formation, polarization layers, and charge transfer
resistance, and does not explore the impact of ow conditions
on the SEC of caustic production.

While conventional caustic production processes produce
highly concentrated NaOH, which is well-suited for specic
applications like chemical manufacturing of various chemicals,
including plastics, solvents, and synthetic bers, many indus-
tries need non-pure, dilute caustic streams for simple acid
neutralization.1,2 This is particularly applicable to the devel-
oping carbon capture and sequestration (CCS) technologies,
including ocean alkalinity enhancement, direct air capture
using caustic streams, and CO2 sequestration as mineral
carbonates, where signicant volumes of dilute caustic streams
(pH > 10) are anticipated to be necessary for the process.21 As
many CCS processes rely on seawater, the efficient electro-
chemical production of caustic using seawater as the feed is
particularly attractive, as this reduces the need for external
chemical addition.21 Recent work has demonstrated that
increasing the pH of seawater above its ambient level (∼8.1,
although this is a rapidly changing value) dramatically
increases the carrying capacity of the water towards dissolved
carbonate species.21 This increase results from the pH-
dependent transformation of CO2(aq.) into HCO3

− and CO3
2−,

which reduces CO2(aq.) levels and enables additional dissolu-
tion of CO2(g) according to Henry's law. As a result, seawater can
form cation-carbonate and cation–bicarbonate complexes,
enhancing its carbon storage capacity.22,23 In solutions with
a pH greater than 10, the solvation of CO2 through its reaction
with OH− to form HCO3

− occurs at a signicantly faster rate (k
= 8.5 × 103 M−1 s−1) compared to its reaction with H2O (k = 6.6
× 10−4 M−1 s−1), facilitating even more efficient carbon capture
in alkaline environments.24,25

The electrochemical production of caustic, hydrogen, and
chlorine using seawater as the feedstock involves specic
reactions at both the cathode and anode (Fig. 1). The primary
reactions at the cathode are proton reduction and water
reduction. In seawater, water reduction predominates due to
J. Mater. Chem. A
the limited availability of protons at the typical pH of seawater.
The produced hydrogen gas and caustic can be further sepa-
rated and puried to obtain the nal products through gas–
liquid separation processes.

At the anode, water molecules and chloride ions are
oxidized, producing protons, oxygen gas, and chlorine gas. The
Chlorine Evolution Reaction (CER) is thermodynamically less
favorable compared to the Oxygen Evolution Reaction (OER).26

However, the CER is a two-electron reaction, whereas the OER
involves four electrons, making OER kinetically less favorable.
Despite progress in developing selective catalysts for these
reactions in alkaline simulated seawater, both reactions still
occur.27 The reactions can be summarized as follows:

Electrochemical reactions at the cathode:

Proton reduction: 2H+ + 2e− / H2 (1)

Water reduction: 2H2O + 2e− / H2(g) + 2OH− (2)

Electrochemical reactions at the anode

OER: 2H2O / O2(g) + 4H+ + 4e− (3)

CER: 2Cl− / Cl2 + 2e− (4)

The conventional chlor-alkali process has strict operational
and material constraints such as the need for high-purity
chemicals, deionized water, heat, and high-cost components
(e.g., electrodes and ion exchange membranes in modern
chlor-alkali reactors).28,29 While the theoretical minimum
energy required to generate caustic is ∼1.6 kW he kg

−1 NaOH,
in practice, the actual energy requirement is higher (>2.1 kW
he kg−1 NaOH), despite decades of process optimization.1

Chlor-alkali systems that rely on bipolar membrane electro-
dialysis have the potential to require signicantly lower energy
(as low as ∼0.7 kW he kg−1 NaOH), but in practice these
systems require as much as 3.5 kW he kg

−1 NaOH, as well as
the use of high cost bipolar membranes.30 The use of oxygen
depolarized cathodes can also reduce the energy demand of
the chlor-alkali reaction, but at the cost of eliminating
hydrogen production.31 In addition to electrical energy
(needed to drive the electrolysis process), chlor-alkali reactors
operate at elevated temperatures (90 °C), which requires
additional thermal energy (0.128–0.196 kW ht kg−1 NaOH).
Critically, these values do not include energy needed for
pretreatment of the water (e.g., feed solutions are oen made
from distilled water), or any post-production concentration
steps (oen thermal-based evaporation processes). The
departure from the minimum energy needed for the chlor-
alkali reactions is inuenced by various factors: (i) the use of
ion exchange membranes increases the overall resistance of
the system, leading to ohmic losses and higher voltage
requirements and subsequent energy demand;32 (ii) H2 gas
bubbles that evolve on the cathode can stick to the surface
(known as gas masking), leading to current “hot spots” and
lower faradaic efficiency;28,29 and (iii) concentration polariza-
tion of electrochemically-evolved species (e.g., OH−, Cl2) on the
electrodes which increases the resistance to electron transfer.33
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4ta04680c


Fig. 1 (a) Schematic diagram of a caustic production system composed of a porous Ni/SWNT cathode and an IrO2-coated Ti mesh anode. (b)
SEM image of the CNT cathode surface, annotated with its measured sheet resistance. (c) EDS image of the CNT cathode surface, where yellow
represents carbon. (d) Cross-sectional SEM image of the CNT-coated cathode showing the deposited CNT layer. (e) SEM image of the Ni-coated
CNT coated cathode, with the associated sheet resistance of the material. (f) EDS image of the CNT/Ni cathode surface, where red represents
nickel. (g) Cross-sectional SEM image of the Ni layer coating the CNT cathode. (h) Cross-sectional EDS image of the Ni/CNT cathode, where red
represents Ni.
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To minimize ohmic losses, chlor-alkali systems operate using
extremely high solution concentrations (25% w/v NaCl as
anolyte and 30% w/v NaOH as the catholyte).13 Also, chlor-
alkali feed streams have strict purity requirements (in terms
of Ca and Mg concentrations) so as to minimize cathode
scaling.11 H2 gas, produced in large volumes on the cathode, is
typically vented, as conventional chlor-alkali systems do not
separate gasses well and the H2 is oen mixed with chlorine,
oxygen, and water vapor.34,35

Flow-through electrodes have been explored in multiple
applications such as batteries, metal recovery from industrial
waste, and oxidation of organic pollutants.36,37 In these systems,
the electrolyte is forced through a porous electrode through the
application of hydraulic pressure.36 This advective ow through
the electrode can reduce the thickness of the diffusive boundary
layer at the electrode/electrolyte interface, which can lower mass
transfer limitations in the system, as well as strip evolved gas
bubbles.36,37 In addition, the porous structure of the electrode
provides a larger surface area for electrochemical reactions.36,37
This journal is © The Royal Society of Chemistry 2024
The improved mass transfer and large interfacial reaction area
make ow-through electrodes highly suitable for applications
with diluted feed solutions.37,38 While ow-through electrodes
have been previously explored, few studies have systematically
investigated their use and energy efficiency in caustic produc-
tion. Specically, key factors such as ux, ow rate, and their
impact on critical phenomena like gas bubble formation,
concentration polarization, and charge transfer resistance have
not been extensively examined. Understanding these relation-
ships is essential to optimizing the efficiency of caustic produc-
tion and reducing the SEC of the process. To address these gaps,
we have developed a novel ow-through cathode system and
investigated the impact of ux and applied potential on key
performance metrics such as the SEC, the pH of the catholyte,
current density, and current efficiency. Through a combination
of experimental measurements and simulations, we determine
that the observed reduction in energy consumption is due to the
minimization of bubble formation, concentration polarization,
and charge transfer resistance.
J. Mater. Chem. A
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Fig. 2 Variation of key performance metrics of the flow-through
cathode system operating with a 3.5% w/v NaCl feed solution under
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2. Results and discussion
2.1 Process conguration and ow-through cathode
characterization

Our ow-through system was composed of two parallel elec-
trodes, with a pressurized 3.5% w/v NaCl stream (pH 7.02)
owing in between (Fig. 1). In this system, the anode is an IrO2-
coated Ti plate, while the cathode is constructed from a porous
carbon nanotube (CNT) network deposited on a porous poly-
meric support, and coated with a thin layer of nickel (Fig. 1b–j).
The IrO2-coated Ti anodes used in this study have been
demonstrated to be highly efficient materials that can drive
both the CER and OER, with minimal overpotentials.39,40

Therefore, to isolate potential impact of anodic reactions on
overall efficiency from our research, we selected IrO2 as the
anode. The hydraulic pressure in the system pushes a portion of
the water through the cathode (the permeate), while a portion of
the water exits the system (the retentate). When the electrodes
are polarized, electrochemical reactions on the cathode lead to
the formation of OH− ions and H2 gas, while anodic reactions
result in oxygen and chlorine evolution (eqn (1)–(4)). Because of
the advective transport through the cathode, the permeate exits
the cell at a higher pH (i.e., caustic), along with H2 gas, while the
retentate becomes acidic and contains dissolved chlorine
species.

Detailed characterization of the porous cathode's micro-
structure and composition was performed using scanning
electron microscopy (SEM) and energy dispersive X-ray spec-
troscopy (EDS) (Fig. 1b–h). SEM images of the cathode before it
was coated with Ni show a porous CNT network with an average
pore size of 22.22 nm, which is composed solely of carbon (90%)
and oxygen (10%) (Fig. 1b and c). Cross-sectional image analysis
shows that the CNT layer has a thickness of 324 nm (Fig. 1d).
The CNT layer exhibited a sheet resistance of 8.65 U,−1. Once
the Ni coating was added to the CNT layer, the sheet resistance
dropped by more than an order of magnitude, to 0.36 U ,−1

(Fig. 1e). This Ni layer formed a rough, nodule-like coating on
the surface of the CNTs, with the layer showing a composition of
80% Ni and 14% C (Fig. 1f). Cross-sectional SEM images of the
Ni-coated CNTs show a uniform layer of Ni with a thickness of
0.93 mm coating the surface evenly (Fig. 1g and h). In this coated
material, the CNTs are no longer visible, suggesting that the Ni
grows throughout the CNT network. In terms of its hydraulic
properties, the porous cathode with only the CNT layer had
a permeability of 783.01 L m−2 h−1 bar−1 (LMH/bar), with the
permeability dropping to 262 LMH/bar once the Ni layer was
added. The contact angle of the porous cathode when only CNTs
are present was 70.5°, and when the Ni coating was added, the
contact angle increased to 104.2°, probably due to the formation
of larger air gaps within bigger pores of nickel.41
different electrical and hydraulic conditions: (a) pH of permeate under
different cell potentials. (b) Current density as a function of flux and cell
potential. (c) Current efficiency of the electrolysis process as a function
of flux and cell potential, (d) SEC of the process as a function of flux
and cell potentials, where the SEC of the conventional chlor-alkali
process is represented by the narrow brown band, and the SEC of
a bipolar membrane electrodialysis system is represented by a wide
yellow band.
2.2 Caustic generation and process efficiency

The caustic generation process efficiency was determined by
evaluating key metrics such as the pH of the permeate and the
retentate, the specic energy consumption (SEC) of the process,
and the system's current efficiency. The pH of the permeate
J. Mater. Chem. A
served as an indicator of the hydroxide generation at the
cathode. The SEC of the process was used as the primary metric
of process efficiency. The current efficiency, calculated using
Faraday's law, quanties the effectiveness of electron use for
hydroxide production in the permeate. It is important to note
that in our system some hydroxide ions may remain in the
retentate. Only the hydroxide ions captured in the permeate
were used to calculate the current efficiency and SEC. In this
study, we explore how the ux of water through the porous
cathode impacted the system's SEC and current efficiency, and
explore the mechanistic reasons behind these observations.
Here, we discuss the SEC of the electrochemical process alone.
A more comprehensive evaluation of the process' SEC that
includes the energy consumption associated with pumping is
presented in a later section.

The pH of the permeate was measured as a function of the
applied cell potential (2–3.5 V) and ux through the cathode
(Fig. 2a). As expected, the pH of the permeate was strongly
impacted by both the applied cell potential and ux. Higher
potentials resulted in higher currents, which translates to
a higher rate of electrochemical reactions that generate OH−

and higher permeate pH values (Fig. 2b). In these experiments,
the ratio between the volume of the permeate and the volume of
the feed was 1%, and therefore, the retentate pH change was far
less signicant. The measured currents fall in the typical range
observed by previous studies that use IrO2 anodes and Ni-coated
cathodes for seawater electrolysis.39 The ux through the
cathode had a more complex relationship with pH and current.
In terms of current, higher uxes resulted in an increase in
current for all applied voltages (Fig. 2b). For example,
increasing the ux from 300 LMH to 1800 LMH increased the
current from 70 A m−2 to 73.3 A m−2, a 4.76% increase, when
This journal is © The Royal Society of Chemistry 2024
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Table 1 Conversion between cell potentials and half-cell potentials

Cell
potentials (V)

Cathode half-cell potentials
(vs. Ag/AgCl in 3.5% NaCl, V)

Cathode half-cell
potentials (RHE, V)

2 −0.90 −0.29
2.5 −1.36 −0.75
3 −1.79 −1.18
3.5 −2.22 −1.61
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2.5 V was applied. Although the measured current increases
slightly with increasing ux at various potentials, the overall
increase is marginal. This is due to two factors: rst, bubble
coverage on the electrode surface is already very low, starting at
around 2%, and decreases further with increasing pressure and
ux. Second, the reduction in overpotential from concentration
polarization mitigation is small (∼0.022 V), which contributes
only a modest increase in current density. Together, these
factors explain the limited effect of ux on current density. A
detailed discussion can be found in later sections. However, the
pH of the permeate declined when the system was operated at
higher uxes, likely due to dilution of the stream (Fig. 2a). For
example, at an applied potential of 3.5 V, the pH of the permeate
declined from 12.26 to 11.69 when the ux increased from 300
to 1800 LMH, despite the increase in OH−

ux with increased
ux (Fig. S2†). A detailed exploration as to why the current
increases with increasing ux is provided in the following
sections, but can be summarized by (i) enhanced transport of
easily reduced species towards the cathode, (ii) reduced pH
along the cathode, and (iii) enhanced gas (H2) stripping from
the cathode surface.

The system exhibits an interesting non-monotonic relation-
ship between ux and current efficiency (Fig. 2c). Across all
applied potentials, the current efficiency increases as the ux
rises from 300 LMH, reaching the highest efficiency at 1200
LMH. At this ux, the current efficiency is 98.26%, 102.78%, and
101.13%, for 2.5 V, 3 V, and 3.5 V, respectively, while it is
signicantly lower at 2 V (58.46%). At the lowest applied
potential (2 V) the electrochemical driving force is too low to
drive efficient OH− production (as evidenced by electrochemical
impedance spectroscopy (EIS) data below), which leads to the
observed low current efficiency. Interestingly, the current effi-
ciency drops at higher uxes under all applied potential
conditions (Fig. 1c). This is likely due to enhanced proton
transport (generated at the anode) that neutralizes some of the
caustic generated at the cathode when more rapid water
transport through the cathode is imposed on the system.
Therefore, maximizing the current efficiency in the system is
dependent on balancing the advantages and disadvantages of
rapid mass transfer to/from the cathode, with optimal condi-
tions identied to exist at 1200 LMH in our system, a ux that
facilitates gas bubble stripping and minimizes concentration
polarization, while balancing dilution and anode-generated
proton transport towards the cathode.

The SEC of the system exhibited an inverse relationship with
the current efficiency, with the conditions that lead to the
highest current efficiencies leading to the lowest SEC values
(Fig. 2d). At 2 V, the SEC was highest among the four voltages
tested, decreasing to its lowest point at 2.5 V before gradually
increasing with further voltage increments. This pattern is
attributed to the insufficient half-cell potentials for water
splitting at a 2 V cell potential (the detailed half cell potential
conversion can be found in Table 1): the cathode half-cell
potential was −0.90 V vs. Ag/AgCl, where water electrolysis
begins at −1.02 V vs. Ag/AgCl wire in 3.5% w/v NaCl solution
(see EIS data below). Raising the voltage to 2.5 V provided
sufficient energy to drive water electrolysis (the half-cell
This journal is © The Royal Society of Chemistry 2024
potential of the cathode was −1.36 V vs. Ag/AgCl). As the
voltage increased further, concentration polarization and gas
masking increased, leading to increased ohmic losses and
higher SEC. At all applied potentials, the lowest SEC was
measured at a ux of 1200 LMH, with SEC values of 2.32, 1.71,
1.96, and 2.33 kW he kg

−1 NaOH at 2 V, 2.5 V, 3 V, and 3.5 V,
respectively. Compared to the SEC (electrical) of conventional
(membrane) and bipolar-based chlor-alkali processes (i.e., 3.5–
4.5 kW h kg−1 NaOH),2 the SEC of our process is signicantly
lower, representing a 51.14% and 44.00% reduction when the
applied potential was 2.5 V and 3 V, respectively. The hydrogen
production rate under conditions with the lowest SEC was
calculated using Faraday's law:

Hydrogen production rate (mol s−1) = I/(2F) (5)

where I (current) = current density × surface area, and F is
Faraday's constant (96 485 C mol−1). Substituting the values of
the current density and the surface area, the hydrogen
production rate can be calculated to be 3.8 × 10−4 mol s−1 m−2.
At standard temperature and pressure (STP), this corresponds
to 8.5× 10−3 L s−1 m−2. At the highest ux (1800 LMH), the SEC
of the process increases, likely due to dilution and neutraliza-
tion of the OH− ions from anode-generated protons.

Any evaluation of the overall SEC of the process must
consider the energy associated with pressurizing the water to
induce ow through the porous cathode. For this, we assume
that the permeability of the cathode is similar to that of a con-
ducting CNT membrane (2900 LMH/bar).42 The energy needed
to achieve a certain ux at a given pressure can be derived
using:43

SECpump ¼ PpumpQfeed

Qpermeatehpump

(6)

where SECpump is the specic energy consumption of the pump
(kW hm−3), Ppump is the pump pressure (Pa), Qfeed and Qpermeate

are the feed and permeate ow rates, respectively, and hpump is
the pump efficiency. SECpump calculations were performed to
estimate the impact of pumping on the overall energy
consumption. In these calculations, we estimate a Qpermeate/
Qfeed value of 0.5, suggesting that 50% of the feed stream passes
through the cathode (a ratio oen used in seawater desalination
membranes). However, this value is not reective of the exper-
imental conditions used during our benchtop experiments,
where only a small fraction (<1%) of feed passes through the
cathode. Operating at higher ratios would require signicantly
larger systems, which is beyond the scope of this manuscript,
J. Mater. Chem. A
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but which we will explore in a later effort. Assuming a 50%
recovery (i.e., Qpermeate = 0.5Qfeed) and hpump = 90%, the
SECpump values were 0.03, 0.1, 0.36, and 0.82 kW h kg−1 NaOH,
for uxes of 300, 600, 1200, and 1800 LMH, respectively. Adding
these values to the SEC associated with NaOH production yields
a total SEC of 3.08, 2.35, 2.07, and 3.02 kW he kg

−1 NaOH.
To investigate the charge transfer resistance on the cathode

under different applied potentials and uxes, high-voltage EIS
measurements were conducted using a 3-electrode system, with
a Ag/AgCl wire placed in between the anode and cathode serving
as a reference electrode. In these experiments, a constant DC
potential was applied to the electrode pair, while an oscillating
potential of 300 mV at varying frequencies (20 mHz to 100 kHz)
was overlain on top of it. A Randles circuit was used to t the EIS
data, with RS being the electrolyte/electrode/circuit resistance,
RCT being the charge transfer resistance, and CPE being
a constant phase element. In all cases, the le-side intercept of
the curve with the X-axis corresponds to the RS, determined to
be 2.06 ± 0.12 U (Fig. 3a–d). When a constant DC potential of
2 V was applied to the electrode (−0.90 V vs. Ag/AgCl on the
cathode), plotting the real vs. imaginary impedance (on
a Nyquist plot) and tting an equivalent circuit to the curve
clearly showed the impact of ux on the RCT (Fig. 3a). In this
Fig. 3 Electrochemical characterization of the reaction process at
different fluxes and voltages. (a) EIS at−0.90 V vs. Ag/AgCl wire in 3.5%
w/v NaCl (2 V cell potential) for 4 different fluxes; (b) EIS at −1.36 V vs.
Ag/AgCl wire in 3.5% w/v NaCl (2.5 V cell potential) for 4 different
fluxes; (c) EIS at −1.79 V vs. Ag/AgCl wire in 3.5% w/v NaCl (3 V cell
potential) for 4 different fluxes; (d) EIS at −2.22 V vs. Ag/AgCl wire in
3.5% w/v NaCl (3.5 V cell potential) for 4 different fluxes; (e) LSV
scanning from−0.3 V to−1.2 V vs. Ag/AgCl with a 5mV s−1 scan rate in
3.5% w/v NaCl for 4 different fluxes.
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case, RCT declines from 113.0 U at 300 LMH to 37.8 U at 1800
LMH. When the constant potential was increased beyond 2 V,
the resistance to charge transfer declined to 10.7 U, 1.2 U, and
0.5 U for the 2.5 V, 3 V, and 3.5 V, respectively (Fig. 3b–d).
However, at these higher applied potentials, no relationship
between ux and the RCT was observed.

The difference between the 2 V conditions and the higher
applied potentials (in terms of the observed relationship between
ux and RCT) can be explained through the different electro-
chemical reactions taking place on the cathode surface, which we
explored using linear sweep voltammetry (LSV) (Fig. 3e). As the
potential moves towardmore cathodic values, before the onset of
the reduction reaction, the current is primarily due to capacitive
current and non-faradaic processes. Once the electrode potential
exceeds the critical potential for the reaction, the reduction
reaction begins to occur, and a noticeable inection point can be
observed. There are two principal electrochemical reactions
taking place on the cathode: (i) the proton reduction reaction (at
−0.77 V vs. Ag/AgCl in 3.5%w/v NaCl) (eqn (1)) can be seen on the
LSV curve as the rst plateau, and (ii) water reduction (at−1.02 V
vs. Ag/AgCl in 3.5% w/v NaCl) (eqn (2)) that can be seen as the
current inection curve on the LSV curve (Fig. 3e). When the
applied potential was 2 V (−0.90 V vs. Ag/AgCl on the cathode),
only proton reduction can take place (−0.77 V vs. Ag/AgCl).
Increasing the ux through the cathode increases the transport
of protons from the feed stream (also potentially protons gener-
ated on the anode), which lowers the pH along the cathode and
reduces the resistance to charge transfer, as observed from the
EIS data (Fig. 3a and e). While the RCT declines under higher
uxes when the 2 V cell potential is applied (from 113 U to 37.8
U), current measurements do not show a corresponding increase
– the current density increases from 20.00 A m−2 at 300 LMH to
26.67 A m−2 at 1800 LMH (Fig. 2b). The overall reaction and
current are inuenced by both the anode and cathode, so
a decrease in charge transfer resistance at one electrode does not
necessarily lead to a proportional increase in current. Addition-
ally, EIS measurements isolate the charge transfer resistance by
using high-frequency signals to minimize capacitive and diffu-
sive components. Under real operating conditions, diffusion
terms also contribute to the overall current, making the rela-
tionship non-linear. Furthermore, according to the Butler–
Volmer equation, the relationship between overpotential and
current is logarithmic. These factors collectively explain why the
current density does not increase proportionally to the decrease
in charge transfer resistance on the cathode observed under
higher ux conditions. At higher potentials, the dominant
cathodic electrochemical reaction is the water reduction reaction
(at −1.02 V vs. Ag/AgCl), evidenced by the far higher currents
measured using LSV at these potentials (Fig. 3e). Since increasing
ux through the cathode does not impact the concentration of
water at the cathode surface, there is no change in the RCT at
these higher voltages.
2.3 Gas masking and bubble stripping

The mitigation of gas masking on electrode surfaces was
systematically investigated through the application of changing
This journal is © The Royal Society of Chemistry 2024
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hydraulic pressure, ux, and cross-ow velocities using confocal
microscopy (Fig. 4, S3 and S4†). All three physical mechanisms
were found to reduce gas masking on the cathode surface. Not
surprisingly, the application of higher hydraulic pressure
reduces the number of H2 gas bubbles (Fig. 4a and S5†). When
the pressure was increased (in a static system with no ow), the
average bubble coverage reduced from 2.10% ± 0.12% at
atmospheric pressure to 0.84% ± 0.04%. When water ux
through the cathode was encouraged, a further reduction in
bubble coverage occurred, with the average coverage reducing
to 0.18% ± 0.03% at the highest pressure and ux, an 79%
decline compared to coverage at the same pressure (10 psi) with
no ux (Fig. 4b). Water ux through the cathode strips gas
bubbles from the cathode surface, and carries these bubbles
into the permeate stream, where they can be recovered as pure
H2 gas. The H2 gas generated at the cathode was collected from
the permeate line, and its concentration was determined to be
79.9% ± 0.03%, with the remainder being air, based on the
composition of this fraction (N2 : O2 = 3.7). The presence of air
is likely from leaks during the gas collection process. The cross-
ow velocity across the cathode also had a large impact on
bubble coverage (Fig. 4c). When the pressure and ux were xed
at 0 psi and 0 LMH, respectively, increasing the cross-ow
velocity across the cathode signicantly reduced bubble
coverage from 4.83% ± 0.61% at 0.031 m s−1 to 0.18% ± 0.03%
at 0.138 m s−1, a 96.3% decline. At higher cross-ow velocities,
the exertion of horizontal drag and longitudinal shear-induced
li forces effectively displaced the gas bubbles from the cathode
surface, resulting in a substantial reduction in bubble coverage.
Fig. 4 Bubble generation on a cathode surface during the electro-
chemical reaction at (a) different pressures without cathode fluxes (0
psi, 3 psi, 10 psi), where the cross flow velocity was fixed at 0.056 m
s−1; (b) different pressures with permeate flux (0 LMH at 0 psi, 160 LMH
at 3 psi, 540 LMH at 10 psi), where cross flow velocity was fixed at
0.056 m s−1; (c) different cross flow velocities (0.031 m s−1, 0.056 m
s−1, 0.138m s−1), where the pressure was fixed at 0 psi. The dimensions
of the characterized cathode are 8.45 mm × 7.66 mm, where the total
number of bubbles (No.) and the bubble coverage area (%) are
annotated in each figure.

This journal is © The Royal Society of Chemistry 2024
And the reduction of overpotentials by mitigated bubble
coverage is shown in Fig. S6 and S7.† Together, these data
suggest that the hydrodynamic conditions in the system have
a large impact on gas masking, and through that, on the energy
efficiency of the process.

Finite-element simulations (using COMSOL) were used to
examine the concentration polarization layer of
electrochemically-generated hydroxide ions on the cathode
surface under various operational scenarios, at a xed cell
potential of 2.5 V. Water ows in two directions in the vicinity of
the cathode: a lateral cross-ow and a longitudinal permeate
ux (Fig. 5a). These simulations revealed signicant changes in
the concentration of hydroxide ions on the cathode surface
upon modulating the permeate ux (Fig. 5b) and cross ow
(Fig. S8†). Under constant cross-ow conditions, an increase in
ux led to a decrease in the thickness of the hydroxide ion
concentration polarization layer, indicating enhanced transport
of ions away from the cathode surface. This effect is evident in
Fig. 5b, where the intensity of the red color, representing higher
concentrations of hydroxide ions, decreases as the ux
increases from 300 LMH to 1800 LMH, implying a mitigation of
the concentration polarization layer (assuming pH 10 as the
boundary value, the thickness of this boundary layer contracts
from 29.8 mm to 16.9 mm). When considering the concentration
of hydroxide ions on either side of the electrode (i.e., in the feed
stream and in the permeate stream), an increase in ux was
observed to reduce the pH on the sides of the electrode surface
(Fig. 5c). Comparisons under different ux conditions showed
that the simulated pH at the electrode's bottom surface (in
contact with the permeate) matches well with the actual
measured pH values in the permeate – both exhibiting
a decrease in pH with increasing ux. The pH changes on the
cathode surface were further analyzed using the Nernst equa-
tion to determine the shi in the hydroxide ion generation
Fig. 5 Simulation of hydroxide layer mitigation using COMSOL mul-
tiphysics. (a) Schematic of the cathode surface with cross flow and
permeate flux effects; a 30 mm long cathode surface with a 2 mm
channel height is simulated. (b) Changes in hydroxide ion concentra-
tion as a function of distance from the cathode surface at different
fluxes (300 LMH, 600 LMH, 1200 LMH, 1800 LMH). (c) Simulated pH on
the top and bottom surfaces of the porous cathode, and comparison
with actual measurement values.
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potentials under varying pH conditions. Our calculations
suggest that a decrease in pH from 10.86 to 10.48 would lead to
a reduction in the overpotential of 0.022 V. This result also
demonstrates that in addition to the gas masking minimiza-
tion, increasing water ux through the cathode reduces the
process's energy consumption by minimizing the overpotential
associated with the presence of a concentration polarization
layer (composed of electrochemically generated OH− ions),
another important reason, besides bubble mask removal, that
increasing ux helps to improve current efficiency. This
comprehensive analysis sheds light on the dynamic changes
occurring at the cathode surface, offering valuable insights for
optimizing electrochemical processes.

3. Conclusions

The research presented herein represents a step forward for
energy-efficient, on-site caustic generation that could be relevant
for carbon sequestration applications. By forcing a NaCl stream
through a porous cathode, mass transfer limitations and gas
masking are minimized, while gas separation is achieved
without the need for an ion exchange membrane. Through
optimizing hydraulic and electrochemical conditions, we ach-
ieved a SEC of 1.71 kW he kg

−1 NaOH, surpassing conventional
chlor-alkali processes, without the need for heating the solution.
This process innovation holds signicant promise for large-scale
clean caustic production that could enable efficient CO2 capture,
for example through ocean alkalinity enhancement.
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