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ABSTRACT: Hydrogen gas evolution using an impure or saline water feed is a promising
strategy to reduce overall energy consumption and investment costs for on-site, large-scale
production using renewable energy sources. The chlorine evolution reaction is one of the g
biggest concerns in hydrogen evolution with impure water feeds. The “alkaline design 1F \
criterion” in impure water electrolysis was examined here because water oxidation catalysts Anolyte . Catholyte
can exhibit a larger kinetic overpotential without interfering chlorine chemistry under "
alkaline conditions. Here, we demonstrated that relatively inexpensive thin-film composite "
(TFC) membranes, currently used for high-pressure reverse osmosis (RO) desalination . <@
applications, can have much higher rejection of Cl™ (total crossover of 2.9 + 0.9 mmol) than

an anion-exchange membrane (AEM) (51.8 & 2.3 mmol) with electrolytes of 0.5 M KOH .: < .
for the anolyte and 0.5 M NaCl for the catholyte with a constant current (100 mA/cm? for 'O Saline water
20 h). The membrane resistances, which were similar for the TFC membrane and the AEM \ " J
based on electrochemical impedance spectroscopy (EIS) and Ohm’s law methods, could be

further reduced by increasing the electrolyte concentration or removal of the structural polyester supporting layer (TFC-no PET).
TFC membranes could enable pressurized gas production, as this membrane was demonstrated to be mechanically stable with no
change in permeate flux at 35 bar. These results show that TFC membranes provide a novel pathway for producing green hydrogen
with a saline water feed at elevated pressures compared to systems using AEMs or porous diaphragms.
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B INTRODUCTION

Hydrogen gas (H,) is one of the most promising energy
carriers to store multi-gigawatt levels of electrical energy
generated from intermittent renewable energy sources due to
its high energy density (120—142 MJ/kg)."” Producing H, by

various water electrolysis technologies, alkaline water electro-
lyzers (AWEs) are readily available, durable, and have higher
tolerance of impurities especially for chloride."®™"" The
“alkaline design criterion” for impure water electrolysis is
being used by many researchers because water oxidation
catalysts can exhibit larger kinetic overpotentials without
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water electrolysis has been considered as a bridging technology
between abundant, but intermittent, renewable -electrical
energy and chemical energy’ because of its potentially low
pollution impact, fast production rate, mild reaction con-
ditions, and high purity (>99.999%)."° Researchers have
focused on making this process more energy-efficient and
economical because the costs for producing H, by water
electrolysis can be two to four times higher than conventional
methods using natural gas.”” Although the capital costs for
water electrolyzer stacks vary, the membrane and catalysts can
account for 25—50% of the total.*’

High purity water feeds are currently required for all
commercial water electrolyzers, which necessitate the use of
supporting ancillary components like extensive water purifica-
tion systems.'® Although several techno-economic studies have
been published in the past several years,'"'” a more
comprehensive review with up-to-date costs is still needed
and the cost of water purification systems remains significant
especially for on-site hydrogen production.'””"> Among
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driving chlorine redox chemistry under alkaline conditions.”

Traditional AWEs use thick (2—3 mm), porous diaphragms
as separators, which contribute a large Ohmic loss resulting in
high overpotentials at high current densities.”' Their highly
porous structure requires highly concentrated potassium
hydroxide (KOH, 20% to 30 wt %) electrolytes to provide
stable ionic conductivity.'®*> AWEs with porous diaphragms
also require balanced pressure operation (between the
catholyte and anolyte), as a large differential pressure can
produce extensive crossover of the electrolytes and dissolved
gas products which may result in explosion hazards.”> AWEs
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using anion-exchange membranes (AEMs) as separators
theoretically do not need alkaline electrolytes and can have
low gas crossover. However, there are a few reports on AEMs
being used commercially with deionized water instead of liquid
aqueous KOH due to AEMs’ insufficient conductivity and
stability compared to liquid basic electrolytes.”'¥**72¢

Thin-film composite (TFC) membranes have recently been
shown to perform comparably to ion-exchange membranes
with a supporting electrolyte in electrochemical energy
conversion systems.”” Combining an ultrathin selective layer
with a highly porous substrate, they serve as an alternative
separator that could potentially overcome the trade-off
between conductivity and selectivity.””” These membranes
are much thinner than traditional porous diaphragms which do
not require highly concentrated supporting electrolyte and
much less expensive than ion-exchange membranes.”** One
type of TFC membrane, originally developed for use in reverse
osmosis (RO) desalination of seawater, was recently shown to
have performance similar to that of a cation-exchange
membrane (CEM) for hydrogen gas production with a
synthetic seawater catholyte. The overpotential at a constant
current density of 10—40 mA/cm” in an asymmetric seawater
electrolyzer using a contained anolyte (1 M NaClO,) that
cannot be oxidized at the anode in order to favor the oxygen
evolution reaction (OER), and a NaCl catholyte (1 M) had an
overpotential similar to that of a CEM in the same system.””’
The active layer of the TFC membrane retained larger
hydrated salt ions but allowed the transport of smaller water
ions (protons and hydroxide ions) to balance the charge.
Therefore, the ability of these TFC membranes to efficiently
transport protons or hydroxide ions and reject larger salt ions
makes them a promising option for use in AWEs especially in
the presence of impurities in the electrolytes. The chemical
stability of TFC membranes is also important for long-term
use, which is highly dependent on their polymer composites
and the exposure to conditions out of the specified pH range
for limited periods of time, such as several weeks, appears to be
possible.”’ = In addition, methods are being developed to
produce TFC membranes that are highly stable under alkaline
conditions, for example, by using polyethylenimine (PEI)
cross-linked with triglycidyl isocyanurate (TGIC).”’

In this work, we investigated the performance of a TFC
membrane (BW30XLE) under alkaline and near-neutral pH
solution conditions in symmetric and asymmetric AWEs. Non-
noble metal nickel foam-based anodes (S-(Ni, Fe)OOH) were
used because they provide a highly porous electrode structure
that can achieve good transport of electrons, ions, and water on
the surface of catalysts, as well as gases to avoid blockage by
bubbles.'® There are also nonprecious metal cathode catalysts
that can be used for the hydrogen evolution reaction under
highly alkaline conditions.”***> However, a Pt catalyst (10% Pt/
C) was used here for convenience and to provide the same
cathode conditions for both neutral pH and highly alkaline
electrolyte conditions.’® The membrane resistance was
measured under different electrolyte conditions with two
methods (an Ohm’s law approach and an electrochemical
impedance spectra approach) for a better understanding of
membrane surface properties. The resistance of the TFC
membrane was examined with its unmodified three-layer
structure containing a thin polyamide active layer, a
polysulfone support layer, and a polyester (PET) nonwoven
fabric support layer. The TFC membrane was also examined
following the removal of the PET layer (TFC-no PET) which
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is only needed for very high RO pressures (~80 bar)’’ to
determine the contribution of this thick layer to the membrane
resistance. The performance of AWEs with TFC-no PET
membranes was examined based on their overpotentials at
constant current densities in symmetric and asymmetric
alkaline electrolytes. The ion transport selectivity was further
evaluated in asymmetric electrolytes with alkaline anolytes and
CI™ present in catholyte. A defined saline catholyte (NaCl) was
used to simplify the monitoring of ion crossover, focusing on
the most important component of impure water. The ion
transport stability of TFC-no PET membranes was examined
based on the change in the ion diffusion rate change over time
after operating in AWEs. The mechanical stability of the TFC-
no PET membrane was also examined by monitoring any
changes in permeate flux change with applied pressure using a
dead-end filtration setup.

B EXPERIMENTAL SECTION

Chemicals and Materials. Iron(IIl) nitrate nonahydrate
(Fe(NO;);-9H,0, 98%, Sigma-Aldrich), sodium thiosulfate
pentahydrate (Na,S,0;-5H,0, J.T. Baker), hydrochloric acid
(36.5-38%, VWR), ethanol (200 proof, KOPTEC), Nafion
perfluorinated resin solution (5 wt %, Sigma-Aldrich), sodium
chloride (NaCl, Sigma-Aldrich), potassium hydroxide (KOH,
Sigma-Aldrich), sodium perchlorate (NaClO,, Sigma-Aldrich),
sucrose (C;,H,,0;;, 99%, Thermo Scientific), and Pt/C (10
wt %, Fuel Cell) were used as received. Ni foam (with the
thickness of 1.6 mm, the porosity of 350 g/m”) and carbon
cloth (with the thickness of 0.356 mm, the density of 1.5 g/
cm?®, AvCarb 1071 HCB, AvCarb Material Solutions) were
used as the electrode substrates. Deionized (DI) water (>18.3
MQ-cm at room temperature) was used for the preparation of
all aqueous solutions. The membranes were an anion-exchange
membrane (AEM, 106 = 1 pm thick with an ion-exchange
capacity of 1.85 mmol/g, Selemion AMV, Asashi Glass) and
polyamide-based thin-film composite (TFC) membranes for
brackish water desalination (RO, BW30XLE, Dupont).

Electrode Preparation. The porous S-(Ni, Fe)OOH
catalysts were prepared on Ni foam with a simple one-step
solution-phase method as previously reported.” Ni foam (2 X
2 cm?*) was cleaned with HCI (2 M) in an ultrasound bath for
10 min to remove the surface oxide layer and then sonicated in
DI water and ethanol for 10 min each to remove the extra acid.
The precursor of Fe(NO,;);9H,0 (0.35 g) and Na,S,05
SH,0 (0.05 g) was dissolved in 10 mL of DI water for one
piece of Ni foam. Each Ni foam was placed in a small beaker of
precursor with shaking for 5 min, and the color of the Ni foam
changed from its original metallic color to a dark black (Figure
S1). The samples were then washed several times with DI
water and dried in air.

Cathodes were made using 10% Pt/C coated on carbon
cloth with a brush as previously reported.*® Carbon cloth (2 x
2 cm?) was first cleaned with HCI (2 M) in an ultrasound bath
for 10 min and then sonicated in DI water and ethanol for 10
min each. Then, the carbon cloth was moved to a muffle oven
(450 °C) overnight. The precursor of 10% Pt/C powder (40
mg), Nafion ionomer (6.67 uL), isopropanol (3.33 uL), and
DI water (0.83 uL) for one piece of carbon cloth was mixed by
vortexing and then transferred into an ultrasound bath for 1 h.
The pastelike precursor was then painted on the carbon cloth
using a paintbrush. The prepared samples were then dried in
air overnight.
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Membrane Pretreatment and Resistance Measure-
ments. Before testing, TFC membranes were pretreated in a
25% isopropanol solution for 30 min in a rotating shaker,
followed by rinsing with DI water and shaking for three 30 min
cycles. Then, the polyester (PET) nonwoven layers were
carefully removed by peeling them away from the other layers
(polysulfone and polyamide) of each membrane. The pre-
treated membrane noted as TFC-no PET was stored in DI
water for further use (Figure S2).

The ionic resistances of membranes were measured using
two different methods at room temperature: an Ohm’s Law
approach and an electrochemical impedance spectroscopy
(EIS) approach (Figure S3). The membrane was placed in a
custom-fabricated cell. Each chamber and the Luggin capillary
tube were filled with the same solution (KOH, 0.5 or 2 M).
For the Ohm’s Law, the exposed membrane area was fixed with
a gasket to produce an exposed area the same as the reactor
cross section (7 cm?®). Two platinum-coated titanium mesh
electrodes (4.4 cm”) were placed at each end of the chamber
(10 cm apart). Two Ag/AgCl reference electrodes were placed
into each one of the Luggin capillary tubes, of which the end
tip was around 2 mm apart from the membrane surface.’’
Direct current (over a range of 0.06—0.6 mA/cm?) was applied
with and without the membrane, and the potential drop was
monitored. For the EIS approach, an alternating current (a
frequency range of 500 kHz to 10 Hz with a signal amplitude
of 10 mV) was applied with and without the membrane. The
resistance of the membrane (R,) was determined by
subtracting the resistance measured without membranes
(Ry,) from the resistance measured with membranes
(Rsso))- The interfacial layer resistance of each membrane
can be calculated from the difference between these two
methods.*”*° All measurements were made in triplicate, and
the data were reported as the average of the measurements,
and the standard deviation gave the error bars.

Electrochemical Measurements. All electrochemical
tests were conducted at room temperature using a potentiostat
(VMP3, Bio-Logic). A three-electrode system was used to
separately monitor the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). The system contained a
10% Pt/C coated carbon cloth or S-(Ni, Fe)OOH/Ni foam as
the working electrode, a graphite rod counter electrode, and a
reference electrode of Hg/HgO (in 1 M NaOH) for alkaline
electrolytes. Electrolytes with five concentrations (0.25, 0.5,
1.0, 2.0, and 4.0 M) were used for each electrode. All measured
potentials vs Hg/HgO were converted to a reversible hydrogen
electrode (RHE) by Epyp (V) = Etig/mgo + 0.0591 pH + 0.098.
Linear sweep voltammetry (LSV) for HER was carried out at §
mV/s between 0.4 and —0.4 V (vs RHE) in the KOH
electrolyte. For studying the OER reaction, LSV tests were
carried out between 0 V (vs OCV) and 1.6 V (vs RHE) in the
KOH electrolyte.

The stability of the S-(Ni, Fe)OOH/Ni foam electrode was
investigated with chronopotentiometry (CP) at a constant
current density of 100 mA/cm® for 48 h in a 0.5 M KOH
electrolyte in a three-electrode system. The stabilities of both
S-(Ni, Fe)OOH/Ni foam and 10% Pt/C electrodes were
examined in a two-electrode system in 0.5 M KOH electrolyte
at a constant current for three cycles with each cycle of 40 mA/
cm? for 10 h and 150 mA/cm? for 10 h. EIS was obtained at
OCV from 100 kHz to 100 mHz with an amplitude of 10 mV.

Electrolyzer Cell Assembly and Operation. The
electrolyzer cell was assembled using an anode of S-(Ni,
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Fe)OOH/Ni foam (2 X 2 cm?) on a platinized Ti plate, a
membrane, and a cathode of 10% Pt/C carbon cloth (2 X 2
cm?) on a graphite plate with serpentine flow fields (Scribner
Associate Inc.) that was tightened with a torque wrench to 9 N
m (Figure S4). Before the electrolyzer was assembled, the S-
(Ni, Fe)OOH/Ni foam was pressed, and a fabric spacer mesh
(60 pm thick and 25% porosity; Sefar Nitex, 07—40/25) was
placed between the S-(Ni, Fe)OOH/Ni foam and the
membrane to introduce a small gap to avoid piercing the
membrane during assembly. The additional small gap between
the electrode and membrane has been reported to strongly
reduce the overpotential relating to gas bubbles*' and reduce
the gas crossover.'” This configuration has been referred to as
near-zero gap.'”*” The TFC-no PET membrane was placed
with the active layer facing the catholyte in all of the
experiments. The system was carried out using Teflon tubing
and HDPE electrolyte reservoirs to avoid glass-corrosion-
induced contaminants using alkaline solutions. Anolyte was 1 L
of KOH (0.5 or 2.0 M), and the catholyte was 1 L of KOH
(0.5 M) for different conditions as noted in the figures. The
flow rate of catholyte and anolyte in each chamber was
controlled at 15 mL/min for electrolyzer tests using a
peristaltic pump. LSV was carried out at S mV/s between 0
and 2.4 V.

To analyze the overpotential distribution in the electrolyzer,
a reference electrode (Hg/HgO and 1 M NaOH) was added to
the inlet of the anode chamber in the electrolyzer (Figure SS).
The anode potential and cathode potential were recorded
using CP with current densities applied (10, 20, 40, 80, 100,
200, 400 mA/cm?) for 30 min in each step and 100 mA/cm?
for 20 h. High frequency resistance (R) from EIS was recorded
in a two-electrode system with the same CP current (i) under
each condition for the internal overpotential calculation. The
anodic overpotential (#7opg) was calculated based on the
difference between the theoretical OER potential (Eqp’ =
1.23 V vs RHE) and the recorded working potential (E,, vs
RHE): 7o = E. — Eop’. The overpotential related to
membranes was calculated by #,., = iR. The cathodic
overpotential (77ypz) was calculated based on the difference
between the theoretical HER potential (Eyz’ = 0 V vs RHE)
and the recorded counter potential (E. vs RHE) minus the
membrane overpotential (nem): Hupr = —(Ec —
Eyr”)-

lon Crossover Measurements. To monitor the ion
crossover across each membrane under different conditions,
asymmetric solutions were used as electrolytes. The two-
electrode system was used to apply a constant current density
(100 mA/cm?) between the anode and cathode for 20 h. The
catholyte and anolyte solutions were collected and diluted to
measure salt ion concentrations using ion chromatography (IC,
Dionex ICS-1100, Thermo Scientific). All of the measurements
were conducted at least three times with different pieces of
membrane.

Membrane Stability Test. Ion transport stability of
membranes before and after the electrolyzer test (with a
constant current of 100 mA/cm? applied for 10 and 20 h under
different conditions) was monitored by conducting a salt
diffusion measurement using the electrolyzer flow cell. A
solution of 0.5 M NaCl was circulated into the chamber facing
the back layer of the TFC-no PET membrane. A solution of
0.9 M sucrose was used to balance the osmotic pressure
circulated into the chamber facing the active layer of the TFC-
no PET membrane. The rate of salt diffusion through the
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Figure 1. Membrane (AEM, TFC, and TFC-no PET) resistances under different electrolyte conditions (0.5 M KOH and 2.0 M KOH) measured
in a four-electrode lab-made cell using (a) Ohm’s law approach or (b) the EIS approach. (c) Interfacial layer resistance of different membranes at

each condition.
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Figure 2. LSV measurements in KOH alkaline electrolytes of different concentrations for (a) the OER with the S-(Ni, Fe)OOH electrode and (b)
the HER with the Pt/C electrode. LSV results are presented with iR correction. Stability test in 0.5 M KOH electrolyte for (c) the S-(Ni, Fe) OOH
electrode at a constant current density of 100 mA/cm?® for 48 h in a three-electrode system and (d) both the S-(Ni, Fe)OOH and the Pt/C
electrodes at a constant current for 60 h in three cycles with each cycle of 40 mA/cm? for 10 h and 150 mA/cm? for 10 h in a two-electrode system.

Stability results are presented without iR correction.

membrane was obtained by using a pair of flow-through
conductivity electrodes (ET908 Flow-Thru Conductivity
Electrode, eDAQ) located at each outlet. The conductivity
change in the sucrose chamber was converted to a NaCl
concentration by using a linear calibration curve (Figure S6).
TFC membranes can de§rade over time when exposed to
highly alkaline solutions.”> To ensure that the membrane
integrity was stable during all tests conducted here, the
overpotential was monitored over a period of 72 h using the
2.0 M KOH anolyte and 0.5 M KOH catholyte, a period of
time consistent with other stability studies.”****”

The integrity of the TFC-no PET membrane under high
pressure was examined in an HP4750 dead-end filtration cell
(Sterlitech) with a 14.6 cm? filtration area without stirring. A
coupon of TFC-no PET membrane was supported by the
addition of mesh (60 pm thick and 25% porosity; Sefar Nitex,
07—40/25) between the membrane and support disk to
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simulate the near-zero-gap condition in the electrolyzer.
Ultrapure water (UPW, Elga PURELAB Flex 3) was used as
the feed and filtered at constant applied pressures from 100 to
500 psi at room temperature. Permeate mass was measured
continuously using an FX-200i balance (A&D Company) and
recorded automatically every five seconds via RsWeight
software.

B RESULTS AND DISCUSSION

Membrane Resistance in Different Electrolytes. TFC
membranes with the PET layer removed had a resistance
comparable to that of AEM with an increasing concentration of
KOH electrolytes. The membrane resistance using Ohm’s law
was reduced from 23.6 + 3.2 Q cm?® (TEC) to 7.7 + 3.5 Q cm?®
in 0.5 M KOH solution after removing the PET layer (TFC-no
PET) which is only needed for very high pressures. Increasing
the concentration of the electrolyte to 2 M KOH further
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Figure 3. Overpotential contribution analysis for alkaline water electrolyzer with S-(Ni, Fe)OOH and 10% Pt/C electrodes using (a) AEM and (b)
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correction). (1) The potential of working and counter electrodes was recorded using Hg/HgO reference electrode. (2) The membrane
overpotential is calculated by applied current times the membrane resistance from EIS measurement at each step in a two-electrode system.

reduced the TFC-no PET resistance to 6.1 = 0.6 £ cm? which
was higher than that of the AEM (3.3 + 1.4 Q cm?) (Figure
1a). When calculating the membrane resistance using Ohm’s
law approach with direct current, the membrane and interfacial
layer resistances cannot be separated.”” Therefore, EIS was
used to measure the interfacial layer resistances due to the
electrical double layer and the diffusion boundary layer.*>*
The resistance of TFC-no PET membrane based on EIS was
1.6 + 0.5 Q cm” in 0.5 M KOH and 0.6 + 0.2 Q cm® in 2 M
KOH. These resistances were slightly larger than that of an
AEM membrane in 0.5 M KOH (0.87 + 0.06 Q cm?) and in
2.0 M KOH (0.42 + 0.09 Q cm?) (Figure 1b).

Both the double layer and the diffusion boundary layer will
hinder ion transgort, especially under conditions with low salt
concentrations.”” Increasing the solution concentration could
reduce the thickness of the double layer and diffusion
boundary layer due to the higher screening effect of the
attractive electrical interactions between the counterions and
surface charge of the membrane.** Therefore, the difference in
resistance between Ohm’s law and EIS resistance measurement
approaches was more pronounced at lower salt concentrations
(Figure 1c). The measured resistance decreased with
increasing salt concentration especially for the TFC mem-
brane, while the resistance of AEM and TFC-no PET showed
less decrease with increasing salt concentration, which
indicated that the PET layer required a high concentration
of the electrolyte to reduce resistances similar to a porous
diaphragm.’

Electrode Overpotentials and Stability in AWE. To
assess the electrocatalytic performance of the prepared
electrodes under different electrolyte conditions, we first
investigated the OER activity of S-(Ni, Fe)OOH electrodes
in KOH electrolytes with different concentrations (Figure 2a).
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The overpotential for the OER with the S-(Ni, Fe)OOH
electrode at a current density of 100 mA/cm* was reduced
from 340 mV (0.25 M KOH) to 310 mV by increasing the
KOH concentration to 0.5 M. As the concentration of KOH
was further increased to 4.0 M, the overpotential required at
100 mA/cm* was only marginally decreased to 300 mV. The
HER activity of 10% Pt/C electrodes was also investigated in
alkaline conditions with KOH electrolytes across different
concentrations (Figure 2b). The overpotential for a 10% Pt/C
electrode at the current density of 100 mA/cm? was reduced
from >400 mV (0.25 M KOH) to 196 mV by increasing the
KOH concentration to 0.5 M. The overpotential was further
reduced to 113 mV when the KOH concentration increased to
4.0 M. The mechanism for this enhancement is still being
debated because the concentration of hydronium ions is too
low for these currents in concentrated alkaline electrolytes and
water molecules to become the main reactant.”> The enhanced
performance of HER activity in a higher concentration of
alkaline solution might be due to the hydronium ions
intermediates generated from H,O dissociation in high pH
electrolytes on the surface of nanostructured Pt/C.*° The
effects of electrolyte conductivity were excluded by using iR
correction (Figure S7).

Both the S-(Ni, Fe)OOH anode and 10% Pt/C cathode
demonstrated good operational durability in 0.5 M KOH
alkaline solution. Under a constant current density of 100 mA/
cm?, the measured voltage of OER using S-(Ni, Fe)OOH
electrode remained highly stable with only a slight change of
3.11 X 107* V/h over 48 h (Figure 2c). The good durability
mainly originated from the robust contact between the S-(Nj,
Fe)OOH layer and the Ni foam substrate, as well as the
excellent corrosion resistance of the metal (oxy)hydroxide.**
The water splitting performance also showed good durability at
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a constant current density for 60 h in three cycles with each
cycle of 40 mA/cm? for 10 h and 150 mA/cm? for 10 h (Figure
2d). Fluctuations in the voltage were likely due to gas bubbles
generated on the electrode surface inducing undesired
overpotentials.*’

Overpotential Contribution Analysis in AWE. To
assess the relative impact of the membrane resistance on
AWE performance, the electrode overpotentials were calcu-
lated and compared to those of the membrane. The
overpotentials increased with the current density for both
AEM and TFC-no PET membranes. The overpotential
required to operate the AWE at 100 mA/cm” was 0.652 V
for TFC-no PET, which was only 74 mV higher than AWE
with AEM (0.578 V), which indicated that using the TFC-no
PET membrane only added a small overpotential to the whole
system (Figure 3al,bl). The use of TFC-no PET contributed
24% to the total overpotential, while the AEM contributed
16% to the total overpotential at the applied current density of
100 mA/cm? which indicated that the overpotential
contribution from membranes was a small portion of the
total overpotential compared to the overpotential contribution
from anode and cathode (Figure 3a2,b2).

The overpotentials of S-(Ni, Fe)OOH anodes in both
configurations were similar, with an increase from 0.191 V (10
mA/cm?®) to 0.366 V (400 mA/cm?*) for the TFC-no PET
membrane and from 0.251 V (10 mA/cm?*) to 0.373 V (400
mA/cm?®) for the AEM. The S-(Ni, Fe)OOH anode over-
potential in 0.5 M KOH alkaline electrolyte measured here was
consistent with the recent reports on state-of-the-art perform-
ance for alkaline OER.* The overpotentials of 10% Pt/C
cathodes in the configuration with the TFC-no PET
membrane increased more significantly than that in the
configuration with AEM as the applied current increased.
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The cathode overpotential using TFC-no PET membrane
increased from 0.080 V (at 10 mA/cm?) to 0.261 V (at 100
mA/cm?), while the cathode overpotential using AEM
increased from 0.054 V (at 10 mA/cm?) to 0.202 V (at 100
mA/cm?). Therefore, despite a higher operating voltage being
required than using AEM in AWE, using a less expensive TFC-
no PET membrane in AWE could decrease the capital costs for
green hydrogen production and the overpotential could be
controlled at a certain current range.”

Asymmetric Electrolyte Effects in AWE. The AWE
overpotential of the system with the TFC-no PET membrane
was further reduced by using a more concentrated alkaline
anolyte to compensate for electro-osmotic water flux. In tests
using the TFC-no PET membrane and both electrolytes
containing 0.5 M KOH (100 mA/cm?® over 20 h), it was
observed that the catholyte volume increased and the anolyte
volume decreased with a volume change of 100 + 10 mL.
Because there was no difference in osmotic pressure between
the two electrolyte chambers (23.5 bar for each chamber,
Table S1) and the water consumed due to water splitting was
negligible at this condition (2.68 mL, SI), the observed flux
was concluded to be due to electro-osmotic flow. The electro-
osmotic flow was likely associated with the crossover of K ions
driven by the electric field and the surface negative charge on
the TFC membrane. Water molecules associated with OH™
ions would have moved water in the other direction (from the
cathode to anode).*® Under alkaline conditions, water splitting
proceeds through an oxidation reaction of 20H™ — 2e™ + 1/2
0O, + H,0 and a reduction reaction of 2H,0 + 2e”™ — 20H™ +
H,. For the oxidation reaction to proceed at a steady state,
OH™ ions have to be transported from the cathode to the
anode through the membrane. A limiting current can arise
when OH™ ions are consumed at the anode faster than they are

https://doi.org/10.1021/acs.est.3c07957
Environ. Sci. Technol. 2024, 58, 1131-1141


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07957/suppl_file/es3c07957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07957/suppl_file/es3c07957_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07957?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07957?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07957?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07957?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c07957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

90 220

g a 105 MKOH- 05 MNaCl | £ b
g 80y [20MKoH-05MNaCl | E o001
5 70 [_]2.0MKOH-05MNaOH | o Electron flow
=
> 60} S 180} e
S 50t < Ano + Membrane Cat -
2 a0} o 160F
b i}
S 30t 5 K+ =TT
% 8 oy Iih—l_l OH" --11>
c 20 2 1 +
© % T <-1-F- Na
& Fol B e
o 0 i "! 0 Ijlj = CI-
TFC - no PET AEM TFC - no PET AEM
(_Ez 14 < 350
C Anode «— Cathode
£ 12} E 300} d —a
B < v | | eeeesseee. diffusion
%‘ 10r 3 2501 migration
S s8f E 200}
o (=
- 6 £ 150} Ano: 20H - % 0, + H,0 + 2e
o o
& 4 2 100}
< ®©
g Ll £ .l Cat: 2H,0 + 2e > H, + 20H-
+ T
2 o Ii”—j I:‘Il_x—”_z—' °
TFC -no PET AEM TFC - no PET AEM

Figure 5. Amount number of cations and anions crossover in catholyte and anolyte reservoir using different membranes after applying a constant
current of 100 mA/cm? for 20 h: (a) CI™ transport from catholyte to anolyte, (b) K* transport from anolyte to catholyte, (c) Na* transport from
catholyte to anolyte, and (d) OH™ transport calculated based on the constant current conditions and the other ion crossover amount. (e)
Schematic figure showing ions moving under constant current, with the solid line indicating the migration process and the dotted line indicating the

diffusion process.

transported through the membrane.*”*” When the anolyte

concentration was increased to 2.0 M KOH (0.5 M KOH
catholyte) to provide an osmotic pressure to drive water from
the catholyte to compensate for the electro-osmotic flow, the
overpotential using the TFC-no PET was reduced from 0.48 V
(0.5 M KOH anolyte and 0.5 M KOH catholyte) to 0.32 V
(Figure 4). The overpotential using the AEM was also
changed, but only slightly by using the same concentrations
of KOH (0.5 M) in both chambers (0.38 V) compared to a
slightly lower overpotential using the 2 M anolyte (0.32 V) at
the same current condition of 100 mA/cm” (Figure 4).

Increasing the KOH anolyte concentration from 0.5 to 2 M
increased the osmotic pressure of anolyte from 23.5 to 111 bar
(Table S1). This osmotic pressure difference built a driving
force for water flow from the catholyte to the anolyte, which
partially compensated for electro-osmotic water flow from the
anolyte to the catholyte. This suggests that the electro-osmotic
drag due to OH™ transport from the catholyte to the anolyte
partially offset the electro-osmotic flow due to the K* crossover
from anolyte to catholyte. The counter flow of water due to the
difference in osmotic pressure was consistent with our
observations that using the 2 M anolyte avoided a change in
electrolyte volume, and the overpotential of the TFC-no PET
membrane after iR correction (0.32 V) was the same as that of
the AEM (0.32 V) at a current density of 100 mA/cm?
(Figures 4b and S8). Monitoring the time rate of the
electrolyte volume change over time would be helpful in the
future to examine changes in the drop in potential drop on the
membrane and electro-osmotic flow velocity.”'

lon Crossover in AWE with the TFC Membrane. Ion
transport mechanism was evaluated using different types of
asymmetric electrolytes. The ion crossover under different
conditions was analyzed for both AEM and TFC-no PET
membranes after 20 h under a constant current of 100 mA/
cm? For the TFC-no PET membrane, the Cl™ crossover
amount was only 2.9 + 0.9 mmol with the electrolytes of 0.5 M
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KOH anolyte and 0.5 M NaCl catholyte and 2.3 & 1.2 mmol
with the electrolytes of 2.0 M KOH anolyte and 0.5 M NaCl
catholyte (Figure Sa). Cl~ crossover using the AEM was much
larger with 51.8 & 2.3 mmol in 0.5 M KOH anolyte and 0.5 M
NaCl catholyte and 62.8 + 2.2 mmol in 2.0 M KOH anolyte
and 0.5 M NaCl catholyte (Figure Sa). These results indicate
that the electrolyzers with TFC membranes can be used to
successfully contain salt ions in the individual electrolytes,
unlike ion-exchange membranes that facilitate selective trans-
port of either cations or anions. This ability of the TFC
membrane to retain both of the salt ions makes them
particularly useful for using unconventional water sources
such as seawater catholytes or other impure water sources.”’

The larger crossover of K™ in TFC-no PET than in AEM
(Figure 5b) was likely due to the weaker electrostatic repulsion
effects for cations, which corresponded to the electro-osmotic
flow from the anolyte to catholyte. The concentration-driven
Na® crossover from the catholyte to the anolyte was smaller
than the electric-driven K* crossover from the anolyte to the
catholyte in both TFC and AEM (Figure Sc). Even though CI~
crossover in the AEM was much larger than in the RO
membrane, the net OH™ transport under different conditions
was also larger in the AEM (Figure Sd). The net OH~™
transport under different conditions with two membranes
was calculated based on the fraction of the galvanic current
carried by the ion in a pure conduction process in solution.
However, in the context of the electrotransport process across
a membrane, the transport number is defined as the fraction of
the current that is transported by the ion in the membrane
with no restriction on its transport mechanisms (Figure Se).52
Therefore, transport number calculation here based on the
other ion crossover results includes the contribution of electric
current from all three components of ion diffusion, electro-
migration, and convection.>

Both K" and OH™ played an important role in charge
transport in the electrolyzer with the TFC-no PET membrane,
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Figure 6. (a) Diffusion rate of 0.5 M NaCl into 0.9 M sucrose solution separated by AEM and TFC-no PET membranes after applying a constant
current of 100 mA/cm? for different operation time in alkaline electrolytes. (b) Long-term stability of TFC-no PET membrane in 2.0 M KOH
analyte and 0.5 M KOH catholyte with an applied constant current density of 100 mA/cm? for 72 h without iR correction.

while OH™ dominated the charge transport in the electrolyzer
with AEM. The higher transport number of OH™ in AEM than
TFC-no PET was also consistent with the lower overpotential
in the electrolyzer performance test. A much lower rejection of
K" in the TFC-no PET membrane in the electrolyzer was
observed along the direction of the electric field. The
difference in jon transport and selectivity during electric
field-driven process and pressure-driven process may be
attributed to the fundamental distinctions in the driving
force of ion transport, the impact of water transport, and the
interaction between different ions.”* The ion transport
mechanism of the dense polyamide layer selective and porous
support layers in the TFC membrane will be investigated in
future studies.

Membrane Stability in AWE. The membrane stability of
both AEM and TFC-no PET membranes was examined by
measuring the molar rate of salt diffusion through the
membranes following AWE operation under different electro-
lyte conditions at a constant current density of 100 mA/cm” at
three different times (Figures 6a and S9). The measured salt
diffusion rates indicated that the ion rejection of the TFC-no
PET membrane was not significantly changed for AWE
operation in 0.5 M KOH anolyte and 0.5 M NaCl catholyte
(p = 0.74), 2.0 M KOH anolyte and 0.5 M NaCl catholyte (p =
0.66), and 2.0 M KOH anolyte and 0.5 M KOH catholyte (p =
0.80) (Table S2). The diffusion rate was smaller using the
AEM than the TFC-no PET membrane (Figure 6a), but the
change in time was also not significantly altered by AWE
operation (p = 0.20) (Table S2). The stability of the TFC-no
PET membrane (2.0 M KOH anolyte and 0.5 M KOH
catholyte) for a period longer than experiments conducted
here was further confirmed by the highly stable overpotential
with a change of only 9.29 X 107* V/h over a period of 72 h at
a constant current of 100 mA/cm? (Figure 6b). The chemical
stability of TFC membranes is always a concern for long-term
use, which is highly dependent on their polymer composites,
and the exposure to conditions out of the specified pH range
for a limited period like several weeks appears to be
possible.’** Degradation of the active layer can occur at
high pH especially at higher temperatures.g’2 However, in tests
reported here, there was no direct evidence of the chloride
rejection decline in performance over time.

The integrity of the polyamide layer of the TFC membrane
with an applied pressure was confirmed by dead-end filtration
water flux measurements. The permeate flux was quite
consistent with a slope of 0.376 + 0.005 as the hydraulic

1138

pressure increased from 5.5 to 35 bar (80—S00 psi) (Figure
S10). The integrity of the polyamide layer allowed stable
operation up to 35 bar (500 psi), suggesting that using the
TFC-no PET membrane could enable AWE operation at
pressures similar to those of commercial acidic water
electrolyzers using proton-exchange membranes (PEMWE,
30—40 bar).”” In addition, the need for a PET supporting layer
is usually only needed for pressures above 80 bar in RO
desalination,”” suggesting that even higher pressures could be
sustained using the TFC-no PET membrane that those
examined here. Thus, the mechanical stability of the TFC-no
PET membrane could enable operation at pressures higher
than AWE using traditional porous diaphragms, which are
limited to balanced and near-atmospheric pressures.’®’
Environmental Implications. With growing concerns
over climate change and a significant decline in intermittent
renewable electricity costs in recent decades, the production of
green hydrogen through water electrolysis presents a promising
approach toward achieving a renewable circular economy.
Development of cost-effective and energy-efficient water
electrolyzers is therefore critical for the implementation of
green hydrogen technologies. Despite a slightly higher
operation voltage being required for the TFC-no PET
membrane compared to the AEM,>” using the less expensive
TFC-no PET (<$10 /m?) membrane could reduce the AEM
costs for AWE ($80 /m?).”” More importantly, the use of TFC
membranes allows for stable and reliable electrolyzer operation
in the presence of impurities in the electrolytes, such as CI™
ions, without the need for selective OER anode catalysts.
Further investigations on the effect of other complex impurities
in the natural waters is highly desirable. In addition, the high
density of the TFC membrane could enable AWE operation
under higher pressures than porous separators which would
reduce costs associated with hydrogen gas pressurization. A
challenge for AWE operation with the TFC-no PET
membrane was an electro-osmotic flow across the membrane
when using symmetric electrolytes. However, this was shown
to be mitigated with a concentration difference in the
electrolytes across the membrane. By using a higher
concentration in the anolyte (2 M) and lower concentration
in the catholyte (0.5 M), the induced electro-osmotic flow was
mitigated and the overpotential was significantly reduced at the
set current density. The chemical stability of TFC membranes
is highly dependent on their polymer composites, and
therefore, changes in these polymers could further improve
stability and performance over time. Overall, these results
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suggested that TFC membranes are a promising alternative to
conventional separators for hydrogen evolution in AWEs. This
is because of their fundamentally different structures compared
to ion-exchange membranes and their ability to perform well
even in the presence of impurities (salts) in the catholyte feed
solution. TFC membranes offer the advantages of both porous
diaphragms and dense anion-exchange membranes to over-
come the trade-off between the ion conductivity and
selectivity.
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