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BPMWE devices promote direct
electrolysis of seawater by limiting
ClI™ oxidation

Impact of ion impurities on cell

\\ PEM Electrolyzer '\ BPMElectrolyzer voltage was quantified for
- BPMWE and PEMWE devices

Failure modes have been
explored for pure and impure
water electrolysis conditions

Pathways forward are highlighted
for improving BPM-based impure
water electrolyzers

Our evaluation of bipolar membrane electrolyzers for seawater electrolysis
highlights a step forward in addressing the water-energy nexus. Our discussions of
device physics and ion-transport methods help translate basic science to
sustainable energy systems—particularly those that require the prevention of
deleterious side reactions that produce corrosive byproducts. This architecture is
generalizable to water sources with various impurity compositions, aligning with
the need for electrolyzers that enable the electrolysis of complex mixtures.
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Hydrogen production with seawater-resilient

bipolar membrane electrolyzers

Daniela H. Marin,"?*> Joseph T. Perryman,’?> McKenzie A. Hubert,"-? Grace A. Lindquist,*
Lihaokun Chen,? Ashton M. Aleman,’? Gaurav A. Kamat,'-? Valerie A. Niemann,'?
Michaela Burke Stevens,” Yagya N. Regmi,* Shannon W. Boettcher,>* Adam C. Nielander,”*

and Thomas F. Jaramillo!-2.6.*

SUMMARY

Generation of H, and O, from untreated water sources represents a
promising alternative to ultrapure water required in contemporary pro-
ton exchange membrane-based electrolysis. Bipolar membrane-based
devices, often used in electrodialysis and CO, electrolysis, facilitate
impure water electrolysis via the simultaneous mediation of ion trans-
port and enforcement of advantageous microenvironments. Herein,
we report their application in direct seawater electrolysis; we show
that upon introduction of ionic species such as Na™ and Cl~ from
seawater, bipolar membrane electrolyzers limit the oxidation of CI~
to corrosive OCl™ at the anode to a Faradaic efficiency (FE) of
0.005%, while proton exchange membrane electrolyzers under compa-
rable operating conditions exhibit up to 10% FE to ClI~ oxidation. The
effective mitigation of CI™ oxidation by bipolar membrane electrolyz-
ers underpins their ability to enable longer-term seawater electrolysis
than proton exchange membrane assemblies by a factor of 140, sug-
gesting a path to durable seawater electrolysis.

INTRODUCTION

The sustainable generation of chemical fuels such as H, offers a means to address
the long-duration energy-storage challenge and to enable a next-generation,
carbon-neutral chemical industry.” To this end, low-temperature water electrolysis
driven by renewable electricity is a promising route to inexpensive, sustainably
produced H; via the hydrogen evolution reaction (HER). While traditional membrane
electrolyzers rely on ultrapure water feeds to generate H; and Oy, the direct electrol-
ysis of impure water sources, e.g., seawater, could have inherent advantages,
enabling broader access to water feedstocks while reducing capital costs by miti-
gating the need for on-site water purification.”® However, electrolyzing seawater
to generate H; and O, introduces distinct challenges in comparison to electrolyzing
ultrapure water. One critical challenge arises from the high concentrations of ionic
species (e.g., ClI~, Na*, S04, Mg?*, Ca®*, etc.)—particularly CI”—in seawater.
The CI™ oxidation reaction (COR) generates corrosive “free chlorine” species (i.e.,
Cl,, HOCI, OCI") at the electrolyzer anode. Although the electro-oxidation of CI~
to Cl; (i.e., the chlorine evolution reaction [CIER]) is a critical industrial process
(e.g., chlor-alkali process),” COR poses significant challenges to the safety, effi-
ciency, and durability of seawater electrolyzers during operation.®'? Mitigating
the COR with impure water feed also opens the possibility of making use of a
pure O stream from the anode for uses including undersea operations and life-
support.

CONTEXT & SCALE

Direct seawater electrolysis offers
a pathway toward low-cost H, and
O, using abundant water
feedstocks. However, high
concentrations of ions present in
seawater complicate electrolyzer
operation. Cl™ ions, for example,
can oxidize to corrosive and toxic
byproducts. This presents a
challenge to the safe and long-
term operation of seawater
electrolysis devices. In this work,
we highlight fundamental
principles of operation for a
robust electrolysis system that
leverages ion-selective
membranes to control the
transport and oxidation of CI~
under both simulated and real
seawater electrolysis conditions.
We observe significantly
improved bipolar membrane
device lifetimes compared with
those of proton-exchange
membrane devices under real
seawater conditions. This work
motivates efforts to further
develop impurity-tolerant
electrolyzers and to advance
seawater electrolysis systems that
could enable green H; production
and decarbonize critical sectors of
the global economy.
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The CORcan, in principle, be suppressed by (1) decreasing anode catalyst selectivity
for the COR, (2) modifying the anodic microenvironment to disfavor CI~ oxidation,
and/or (3) decreasing Cl~ access to the anode.'”'® Developing catalysts that
strongly favor the 4-electron oxygen evolution reaction (OER) over the 2-electron
COR at relevant applied potentials is an active area of research.'®"’ IrO, is an effi-
cient precious-metal OER catalyst in Cl™-free electrolytes, but in electrolytes with
CI™ at concentrations as low as ~30 mM it yields a high COR Faradaic efficiency
(FE) of ~86%."¢ Non-precious metal oxide catalysts, such as MnO,, have shown
promising OER selectivity (93%) in these same low-Cl™-concentration electrolytes,
but material stability challenges in acidic pH are not yet resolved.'”?° Strategies
(2) and (3) are complementary and can be leveraged using device architectures to
create local electrolyte conditions that disfavor COR, for example, by creating an
alkaline anode environment where the oxidation of Cl~ is disfavored thermodynam-
ically with respect to OER,"”?" or by selectively inhibiting the transport of Cl~ to the
anode, for example, using cation-selective membranes.

Here, we demonstrate how strategies (2) and (3) enabled near-complete suppression
of CI™ oxidation, even with a seawater feed. Our approach uses a bipolar membrane
(BPM), composed of a cation exchange layer (CEL) combined with an anion ex-
change layer (AEL), integrated into a BPM water electrolyzer (BPMWE) device.?>?4
We found that an appropriately designed BPMWE, in concert with an asymmetric
electrolyte feed in which seawater is only present at the cathode, mutually captured
both the advantages of the CEL that limits Cl~ crossover to the anode (due to cation
transport selectivity) and the AEL that provides a local alkaline anode pH (where OER
catalysts have high selectivity and mitigate the COR), resulting in an inherently ion-
tolerant seawater electrolyzer (Figure 1A). We evaluated the ion-transport proper-
ties, performance, selectivity, and durability of the BPMWEs with saline water feeds
and compared them with monopolar proton exchange membrane water electrolyz-
ers (PEMWEs). We demonstrated BPMWE devices operating with real seawater—
collected from the Pacific Ocean (Half Moon Bay, CA, USA)—during sustained elec-

trolysis to generate H, and O; at current densities of 250 mA cm~2,

RESULTS AND DISCUSSION

BPMWE and PEMWE architectures were fabricated according to the designs in
Figures T and S1. Extended descriptions of the experimental fabrication and electro-
chemical methods are provided in the experimental procedures section and in the
supplemental information. Anion exchange membrane water electrolyzers
(AEMWEsS) were similarly fabricated, but significant CI~ crossover precluded robust
comparison to BPMWE and PEMWE (see Figure S2). The AEMWE is not examined in
detail in this work owing to its inability to circumvent anion crossover and subse-
quently maintain favorable anode pH over time. It should be noted that, similar to
the case of the BPMWE, Pourbaix analysis suggests that an AEMWE could be ex-
pected to operate without generating significant corrosive species and may also
represent an alternative to the PEMWE architecture under conditions in which the
AEMWE is durable to pH changes.

Electrolysis in deionized water and 0.5 M NaCl.

We characterized the j-V behavior of BPMWEs compared with PEMWEs under two
different water feed conditions: a “symmetric” (same water feed composition fed
to each electrode) deionized (Dl)-water condition and an “asymmetric” (different
feed composition fed to each electrode) saline condition. In the symmetric DI water
condition, high-purity DI water (18.2 MQ cm) was circulated through both the anode
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Figure 1. BPMWE and PEMWE device schematics

(A) Cross-sectional schematic of a zero-gap BPMWE and (B) cross-sectional schematic of a zero-
gap PEMWE, illustrating the positioning of catalyst/ionomer-coated porous transport layers (PTL)
relative to their respective ion-exchange membranes, as well as the circulation scheme that was
used for all electrolyzer experiments. Reservoirs were heated to 60°C, resulting in a measured
temperature of 50°C at the electrolyzer body (see supplemental information). Schematics are not
drawn to scale. In these electrolyzers, CEL is defined as being the Nafion membrane as well as the
Nafion ionomer of the catalyst layer(s), while AEL is defined as being the PiperlON membrane and
the PiperlON ionomer of the catalyst layer.

and the cathode chambers (Figures 1A and 1B). In the asymmetric saline condition,
we simulated seawater using 0.5 M NaCl,q, approximating the ~0.55 M CI™ and
~0.47 M Na™ concentrations in seawater.”” The 0.5 M NaCl,q was fed to the cathode
chamber while DI water was fed to the anode chamber. This asymmetric operating
mode mimicked the conditions of an electrolyzer operating with seawater fed only
to the cathode while facilitating measurements of ion crossover (CI7/Na*) and CI~
oxidation behavior (see below).

Using symmetric DI water feeds, the voltage required to operate the PEMWE was
60 mV less than the BPMWE at j = 50 mA cm ™2, increasing to a voltage difference
of 670 mV at j = 500 mA cm™2 (Figures 2A and 2B; Table 1). The voltage differences
between the two devices is broadly consistent with recent reports on state-of-the-art
performance for PEMWEs and BPMWEs.?*?” The difference is attributed to the
energy input required to drive water dissociation (WD, H,O — H* + OH") at the
CEL/AEL junction of the BPMWE, as well as the superior performance of a Nafion
proton exchange ionomer in comparison to a PiperlON-A40 anion exchange
ionomer; AEL ionomers are more susceptible to oxidative degradation
mechanisms than CEL ionomers has been highlighted in recent work.'%?°-28

For both the PEMWE and BPMWE, using 0.5 M NaCl,q as the cathode feed
(Figures 2A and 2B) increased total cell voltage with respect to the symmetric DI
water-fed conditions (Table 1). We hypothesize that a significant fraction of the
PEMWE/BPMWE performance loss reflects decreased [H*] at the cathode-CEL inter-
face due to the exchange between Na™ and H* in the initially protonated CEL.?® We
interpret the transient voltage spikes seen in Figure 2C, which are only observed as

the applied current density was changed in the presence of 0.5 M NaCl,q, to be a

aqr
result of a changing steady-state [Na*] and [H*] at the cathode-CEL interface; these
concentration changes are likely due to shifts in the balance between diffusion and

migration of both cations. As current density increases, H* migration toward the
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Figure 2. Characterization of device performance in deionized water and in 0.5 M NaCl

(A and B) Polarization curves with 0.5 M NaCl,q (green, orange triangles) as the cathode feed
compared with DI H,O (blue, red squares) as the cathode feed in a BPMWE (A) and a PEMWE (B).
(C) Voltage versus time during stepped chronopotentiometry with (green) and without (blue) 0.5 M
NaCl,q in a BPM electrolyzer cathode feed. On the lower y axis, the gray trace is the corresponding
applied current density profile during stepped chronopotentiometry. Error bars in all cases
represent a single standard deviation extracted from no less than three replicate experiments.

cathode-CEL interface increases relative to Na* diffusion into the same interface,
leading to a decrease in voltage over time owing to a progressively more protonated
CEL. The reverse is true when decreasing the current density, which results in a pro-
gressively less protonated, more sodiated cathode-CEL interface. Hence, a steady-
state [H"] at the cathode-CEL interface reflects a balance between multiple transport
processes—including the diffusion of Na™ from the bulk solution toward the cath-
ode-CEL interface and migration of H* generated at the anode or WD layer toward
the cathode (discussed below). The generation of local pH gradients over time
between the anode and cathode in these systems may also contribute to observable
changes in cell voltage owing to the decrease in reactant (i.e., H*, OH™) concentra-
tion—direct measurements of local pH at the electrode-electrolyte interface are the
target of future work.

The BPMWE cell voltage was more affected by the addition of NaCl to the feed at
500 mA cm~2 than the PEMWE cell voltage (AVgpmwe = 0.9 V; AVpemwe = 0.41 V).
We assigned this difference to losses associated with WD and/or the AEL-anode

Joule

Table 1. Total cell voltages required to drive PEMWE and BPMWE devices at various applied current densities under DI water-fed conditions and

asymmetric 0.5 M NaCl,, fed conditions

AV,
DI water DI water 0.5 M NaCl, 0.5 M NaCl,q j=500 mA cm 2
j=50mA cm2 j =500 mA cm~2 j=50mAcm2 j =500 mA cm~2 (Vnacl — Vor)
Vel PEMWE (V) 1.57 + 0.01 1.73 4+ 0.02 1.84 + 0.04 2.14 + 0.06 0.41 £ 0.06
Vel BPMWE (V) 1.63 + 0.02 24402 1.94 + 0.07 33402 09+ 0.3
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catalyst interface of the BPMWE, as the cathode catalyst environments are identical
in both electrolyzers. Impedance analysis (Figures S3-59, Note S4) suggests that the
additional performance losses for the BPMWE can be attributed in part to increased
WD resistance (ARwp 500 ma = 33 mQ) in the BPMWE upon the addition of NaCl,
along with higher series resistance (ARss500 ma = 249 mQ) compared with the
PEMWE (AR, 500 ma = 43 mQ) (Figure S9). As anion exchange polymers generally
demonstrate lower ionic conductivity due to the intrinsically lower mobility of OH™
relative to H* in cation exchange polymers,”” we expect that conductivity losses
from competing OH™/CI~ transport in the AEL will have a larger effect on perfor-
mance relative to competing H*/Na™ transport in the CEL. Thus, we attribute the
increased series resistance to a decrease in OH™ conductivity in the AEL as well as
in the ionomer in the catalyst layer.”® CI™ or Na™ ions that reach the BPM junction
might also block WD catalyst active sites, contributing to the increase in Ryp. Careful
selection of membranes, operating conditions, and catalyst identity are all potential
routes to mitigating WD catalyst poisoning.

lon crossover dynamics

To probe the ion-transport mechanisms that underpin PEMWE and BPMWE opera-
tion undersaline conditions, we evaluated both electrolyzer architectures in the asym-
metric saline electrolyte feed mode. Figures 3A and 3B depict the rate of CI~ and Na™
transport, respectively, from the cathode to anode chambers for both BPMWEs and
PEMWEs with 0.5 M NaCl,q circulating at the cathode and DI water at the anode. In
the absence of an applied current, there was no statistical difference in the rate of
Na* and Cl~ crossover from cathode to anode, consistent with the electroneutrality
requirements that Na* and CI~ move through the membrane together.*" Upon appli-
cation of current, Na™ transport is significantly suppressed, decreasing by ~3% in the
PEMWE and ~13x in the BPMWE. The decreased Na™ transport rate is consistent
with the direction of the applied voltage driving positively charged species from
the anode to the cathode. We ascribe the additional decrease in Na™ crossover
rate in the BPM to the AEL further blocking cation movement by Donnan exclusion
(Figure 3C). Conversely, applied current did not have a significant influence on CI~
transport (Figure 3A). The low crossover rate of CI~ for both the BPMWE and
PEMWE is consistent with a Donnan exclusion effect at the cathode/CEL interface
(Figure 3C) thatlimits the crossover of negatively charged species despite a large con-
centration gradient in CI~ between the cathode and anode feeds (~5 M¢_ mm™") fa-
voring diffusive CI~ crossover.*” The similarity in CI~ ion flux (J) across the BPMWE and
PEMWE (JS)g gevwe = 7-5 % 107" Mcem ™25~ " and S5, peywe =8.0 X 1077 Mcem2s71),
regardless of current density (j) suggests that the AEL does not modulate anion cross-
over rates, though it may offer important advantages when a wider array of ions (e.g.,
K*, Mgz+, Ca®*) are present(e.g., real seawater feed). Based on the low CI™ transport
rates observed, the percent of current carried by Cl~ crossover was low (~1%) at low
applied current densities (e.g., j = 50 mA cm™2), and decreased to <0.1% with
increased applied current densities for both the BPMWE and PEMWE (see supple-
mental information, Note S2 and Figure $10).*? Increasing the applied current density
from j =50 mA cm ™2 to j = 500 mA cm~2 did not have a further inhibitory effect on the
Na® crossover rate nor a clear promoting effect on the CI™ crossover rate. This sug-
gests there may be some mechanism(s) beyond transport via migration influencing
ion crossover rates, such as current-dependent membrane-transport-selectivity ef-
fects (i.e., preferential acceleration of more mobile H* or OH™ transport rather than
less mobile Na* or CI™ transport or other concentrated electrolyte effects).”

The ion crossover data show that the BPMWE inhibits Na* crossover, while both the
BPMWE and PEMWE inhibit CI~ transport. Neither Na™ nor CI~ transport was
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Figure 3. lon-transport dynamics in membrane electrolyzers

(A and B) (A) Cl™ crossover rates versus applied current density, and (B) Na™ crossover rates versus
applied current density for BPMWE (blue) versus PEMWE (gray). ICP-MS was used to track the
concentration of Na* and CI~ and subsequently calculate ion crossover rates and fluxes. Error bars

in all cases represent standard deviations from triplicated experimental data. These rates are

described as molar fluxes defined with units of M cm ™2 s~". We note that both cathode and anode

chamber contained 1 L of solution, enabling the ready conversion of these units to mol cm 2 s~
Connecting lines are guides for data interpretation.

(C) Proposed key ion-transport effects for PEMWE (left), BPMWE (middle), and AEMWE (right),
including diffusion (solid arrows), migration (dashed arrows), and Donnan exclusion effects (curved
arrows) that dictate the transport of ions across the ion-exchange membranes.

significantly affected by increasing migration driving forces beyond j, suggesting
that migration forces are not the sole driver of the observed ion-transport phenom-
enon. This discrepancy may highlight competition with vehicular and/or Grotthuss
transport of H" and OH™ through the CEL and AEL, respectively.’ In any case, how-
ever, the total charge carried via Cl™ migration is very low for both membrane archi-
tectures, capturing the advantage of the CEL in limiting CI~ crossover and thereby
inhibiting COR at the anode under asymmetric electrolyte conditions.

Cl~ electro-oxidation

Under asymmetric 0.5 M NaCl,4 feed conditions, only CI™ that crossed from cathode
to anode should be available for oxidation to free chlorine species. Despite similar
JavgCl~ in the PEMWE and BPMWE, and thus expected similar [CI"] in the anode
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Joule
Article



Joule ¢ CellP’ress

= 204 - - = - - PEMWE
8 -~ = - - BPMWE
= 151 i

S Z10{ 1 }

o . "

L ' E

+_ 51

i ]
LJ. 0 - -~ - - - - - - - - - - - - - L
s 0.20] - - = - - PEMWE
- B -~ = - - BPMWE
o' 0.15-

Q

S

£ 0.10- I\

m ll ~\

() . S

‘s 0.05- .

] 1 L

- b

£ 0.00{ T = ----- LEEEERRRR B

0 100 200 300 400 500
Current Density (mA cm? )

Figure 4. Chloride electro-oxidation behavior

BPMWE (blue) and PEMWE (gray) free chlorine concentrations after 6 h of 0.5 M NaCl,q electrolysis
(top) and Faradaic efficiency for CI~ oxidation to free chlorine (bottom). Error bars are single
standard deviations from triplicate experiments.

chamber, we observed a maximum FE = 0.095% for COR at j = 100 mA cm™? in the
PEMWE, significantly higher than the observed FE = 0.001% to COR for the BPMWE
(Figure 4 and Note S1).

Corrosive free chlorine species are known to spontaneously degrade over time due
to several factors: temperature, light, pH, and ionic strength of the solution.®® We
found the rate of free chlorine loss in both devices was nearly identical when present
at equal initial concentrations (Figure S11). This excludes the possibility that differ-
ential free chlorine degradation rates explain the differences in COR FE between
the two electrolyzer architectures. To further understand to the interesting trend
in COR FE behavior observed for the PEMWE compared with the BPMWE shown
in Figure 4, we also analyzed the COR in a three-electrode H-cell configuration
with 0.5 M NaCl,q as the electrolyte at both j = 100 mA em™2 and j = 250 mA
cm™2. We observed a COR FE of 4.0% at j = 100 mA cm~2 and 1.1% at j = 250 mA
cm ™2 in the acidic "simulated" H-cell PEMWE anode microenvironment, compared
with <0.01% in the alkaline simulated BPMWE anode microenvironment (Figure S12)
at both current densities. These data are in agreement with the trend that COR FE
decreases at current densities beyond 100 mA cm ™2 in the electrolyzer configuration
and further indicate that the more acidic local pH of the PEMWE anode microenvi-
ronment promotes COR while the more basic pH present in the BPMWE anode

Joule 7, 765-781, April 19, 2023 771
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Figure 5. Device stability during real seawater electrolysis

V-t behavior for a BPMWE (blue) and a PEMWE (gray) at a fixed current of 250 mA cm™2 (A) with
seawater as the cathode feed and DI water as the anode feed, and (B) with seawater fed to both
cathode and anode. Inset highlights the entirety of the PEMWE experiment where immediate
failure was observed. The first voltage increase at t = 0 min coincides with exchanging the cathode
feed for seawater and the second voltage increase ~2 min coincides with exchanging the anode
feed for seawater.

microenvironment suppresses the generation of corrosive free chlorine species.
These observations are also consistent with more favorable thermodynamics at
more alkaline pH for OER with respect to to COR (Figure S13).?" We also found
the simulated PEMWE anode FE for COR decreasing from 4.0% to 1.1% from 100
to 250 mA cm 2 to be consistent with the decreasing COR FE with increased current
density observed in the electrolyzer configuration (Figures 4 and S12).

Electrolyzer stability with 0.5 M NaCl,, and seawater

Under galvanostatic conditions with asymmetric 0.5 M NaCl, feed conditions, both
the BPMWE and PEMWE demonstrated cell voltage degradation rates (AVy 1,) below
50 mV h™" over the course of 6 h for a range of current densities. The BPMWE
showed a smaller average voltage degradation rate than the PEMWE at all current
densities except 500 mA cm™2 (Figure S14). However, the standard deviation in
the measurements (Figure S15; Table S1) precluded our ability to determine with suf-
ficient confidence that either electrolyzer voltage was more stable over 6 h of asym-
metric 0.5 M NaCl electrolysis. Building on the promising results observed for elec-
trolyzers operating under asymmetric saline feed conditions, we evaluated the
performance of BPMWEs and PEMWEs operating with real seawater acquired
from Half Moon Bay, CA. Figure 5A shows the observed cell voltage for both electro-

lyzer architectures operating at 250 mA cm ™2 upon introduction of seawater to their
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cathode feeds. Here, the increase in total cell voltage was 0.84 V in the BPMWE—
slightly higher than the increase of 0.75 V with 0.5 M NaCl,q. Similarly, the increase
in seawater-fed cell voltage for the PEMWE was 0.82 V, compared with 0.41 V with
0.5 M NaCl,q. These results highlight the additional voltage sensitivity for both elec-
trolyzer architectures, but particularly for the PEMWE, to the presence of the other
mono-, di-, and tri-valent ionic constituents present in real seawater.

For the first 6 h, the stability of a BPMWE with seawater as the cathode feed was
within experimental error of a BPMWE fed with 0.5 M NaCl,q (Figures 5A and
S15). The seawater-fed electrolysis experiments demonstrated AVEM = 29 +
20mV h~" over 6 h, as compared with 28 + 8 mV h='for0.5M NaCIaq experiments
(Figures S14 and S15) and ~15 mV h~' for state-of-the-art BPMWEs operating in
symmetric DI water-fed conditions.?” In Dl water, the voltage loss over time is attrib-
uted to anion exchange polymer degradation.*’-** Analysis of the bulk cathode and
anode feed pH changes over time in real seawater electrolysis experiments (Fig-
ure S16) reveal that performance losses may be correlated with increasing pH
gradients across the device, giving rise to voltage losses.?” After >100 h of contin-
uous BPMWE operation at 250 mA cm 2, free chlorine had only formed with an FE
of 0.005% and is therefore not believed to contribute signficantly to the observed
voltage degradation rate. Under the same asymmetric seawater conditions, the
PEMWE failed after ~50 h and had rapidly generated more free chlorine (~20 pM)
in the first 24 h of operation than the BPMWE had over the course of >100 h opera-
tion. This accelerated PEMWE voltage degradation is consistent with our observa-
tion that the formation of corrosive free chorine reduces device longevity (Fig-
ure S17). Although the BPMWE cell voltage was more sensitive than the PEMWE
cell voltage to the inclusion of the 0.5 M NaCl in the cathode feed (Table 1), we
believe that the extended electrolysis time of the asymmetric seawater experiments
accentuated the difference in cell voltage stability engendered by differential pro-
duction of free chlorine in the PEMWE versus the BPMWE.

When seawater was introduced to both the cathode feed and the anode feed, the
increase in total cell voltage was 0.90 V for the BPMWE relative to symmetric DI
water feed conditions. No voltage spike was quantified for the PEMWE upon addi-
tion of real seawater to its feeds because the voltage rapidly increased until failure
within 3 min of operation (Figure 5B), likely due to the generation of corrosive free
chlorine species at its acidic anode-CEL environment. After 3 min of electrolysis
with seawater fed to both the anode and cathode, COR FE was 10% for the
PEMWE, while the BPMWE did not generate any detectable free chlorine species
throughout 7 h of direct, unprocessed seawater electrolysis. Post-experiment anal-
ysis (Figures S18-522) suggests the precipitation of divalent cation hydroxides—
predominately of Mg(OH),—as an additional contributor to performance loss in
real seawater for both architectures, as has been discussed in previous work."> Addi-
tional post-experiment ICP-MS analysis is presented in Tables S2 and S3, illustrating
relatively low levels of Ir and Pt loss from the anode of each electrolyzer.

Conclusions

We designed, fabricated, and evaluated PEMWEs and BPMWEs operating under
asymmetric and symmetric saline electrolyte conditions to generate H, and O; at
high current densities for extended periods of time. We quantified the effect of
feed contamination on performance in terms of energy efficiency and device dura-
bility, charting a new path and design principles for deployable, durable, and effi-
cient direct electrolysis of impure water.
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Despite higher operating voltages than PEMWEs, BPMWEs provided the combined
advantages of mitigating undesired ion transport (e.g., Cl™ crossover in this case)
and controlling selectivity for O, production in high-salinity testing conditions. We
propose that Na™ transport in/through the protonated Nafion ionomer of both elec-
trolyzers, however, likely reduces the H* concentration at the cathode, slowing HER
kinetics and illustrating the need for microenvironment design at the electrode inter-
faces. Interestingly, the flux of both Na™ and CI~ across the BPM were largely inde-
pendent of cell voltage and (total) current density. This suggests more complex in-
teractions beyond standard dilute electrolyte theory and motivates additional work
to improve the understanding of operative transport dynamics in impure water elec-
trolyzers and other electrochemical technologies. The BPMWE also provides a
locally basic pH at the anode and thus inhibits the generation of corrosive free chlo-
rine that is formed in the acidic PEMWE anode and leads to rapid PEMWE failure in
seawater.

The robust zero-gap BPM seawater electrolyzer reported here operated at current
densities of 250 mA cm™ and serves as a benchmark for membrane electrolyzer
durability with impure feeds, providing a unique route to avoid CI~ oxidation, in-
crease efficiency, and prevent device failure without requiring ultrapure water.
Despite significant improvements in durability for the BPMWE compared with the
PEMWE, decreased voltage stability for both systems fed with seawater indicates
that other failure mechanisms arise from the more complex electrolyte composition.
As such, deployment of these devices still requires significant improvements in cell
voltage and durability; >50,000 h lifetimes and cell voltage degradation rates be-
tween 10 and 20 uV h~" are common in commercial (pure water) electrolyzers.m’43
To this end, device components such as membranes, porous transport layers (PTLs),
flow-fields, and catalysts all remain viable targets for improving performance and

durability for seawater electrolysis.'%**

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Thomas F. Jaramillo, at jaramillo@stanford.edu.

Materials availability
This study did not generate new unique reagents.

Data and code availability
The data generated during this study are available upon request to jaramillo@
stanford.edu.

Materials

Electrodes and membranes were prepared according to recent reports.”” NaCl
(99.0% trace metals basis) was used as purchased from Sigma Aldrich in all saline wa-
ter (0.5 M NaCl,4) experiments. Cationic impurities of NaCl include Ca?* (<0.002%),
Mg?* (<0.001%), K* (<0.005%) and Fe 2*/3* (<2 ppm). Here, DI water refers to ultra-
pure DI water with a measured resistivity of approximately 18.2 MQ cm. Nafion 212
and PiperlON-A40 membranes and ionomers were used as the cation- and anion-se-
lective layers (CEL and AEL), respectively, in the BPMWE. The BPMWE anode con-
sisted of IrO, nanoparticles (5-10 nm dia.) on a stainless-steel PTL while the
PEMWE integrated the same IrO, nanoparticles onto a platinized titanium PTL.
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The cathode in both electrolyzers was Pt black (34 m? g™") deposited on Toray car-
bon paper PTL.

Anode preparation

Anodes for BPMWE and PEMWE devices were fabricated by preparing a catalyst ink
and then spraying the ink onto a PTL substrate. To produce the ink, iridium oxide
(0.1 g) (Fuel Cell Store), ultrapure DI water (0.5 g, 18.2 MQ cm), isopropy! alcohol
(1.7 g), and 5 wt% ionomer (BPMWE: PiperlON [0.1 g] [Versogen]; PEMWE: Nafion
212[0.1 g] [Sigma Aldrich]) were, in that order, added to a 20 mL glass scintillation
vial. The vial was bath sonicated for 10-20 min or until the ink mixture was evenly
dispersed. A5 cm X 5cm PTL substrate (BPMWE: stainless steel, 25AL3 [Bekaert Be-
kipor]; PEMWE: platinized titanium fiber felt, [Fuel Cell Store]) was prepared and the
back of the layer was pencil traced with gridlines of a 4 cm x 4 cm square and
weighed. The front of the PTL was framed with tape to make a 4 cm x 4 c¢m spray
area and then placed onto a hotplate (100°C). Using a hand-held airbrush (Testors),
the catalyst ink was sprayed perpendicular to the hotplate in a pulsed serpentine
pattern (8-12 psi) until the catalyst reached the desired loading (2.5 mg cm™?
40 mg total). The surface was allowed to evaporate before spraying a new layer of
catalyst by waiting about 5 s between each serpentine pattern. To weigh the catalyst
mass between sprays, the tape frame was removed, and the electrodes were allowed
to cool to room temperature before weighing. A new tape frame was placed around
the active spray area. After the catalyst was sprayed, dilute ionomer solution
(BPMWE: 2% PiperlON; PEMWE: 5% Nafion) solution in ethanol was sprayed over
the catalyst layer in a pulsed serpentine pattern until the ionomer overlayer reached
10%-20% of the catalyst mass weight (4-8 mg). The anodes were stored in a polysty-
rene container at room temperature until use.

Cathode preparation

Cathodes for the PEMWE and BPMWE were fabricated identically by preparing a
catalyst ink and subsequently spraying the ink onto a carbon-based PTL. In detail,
platinum catalyst (0.1 g) (Fuel Cell Store), ultrapure DI water (1.5 g, 18.2 MQ cm), iso-
propyl alcohol (1.7 g), and 5 wt% Nafion (0.1 g), in that order, were added to a 20 mL
glass scintillation vial. The vial was bath sonicated for 20-30 min or until the ink
mixture was evenly dispersed. If the ink was not fully dispersed, the bath sonication
was followed with 20 s of probe sonication pulses with 5 s rest for 1.5 min. A5 cm X
5 cm Toray carbon PTL was cut, and the back of the layer was pencil traced with grid-
lines ofa4 cm X 4 cm square and weighed. The front of the PTL was framed with tape
to make a 4 cm X 4 cm spray area and then placed onto a hotplate (100°C). Using a
hand-held airbrush (Testors), the catalyst ink was sprayed perpendicular to the hot-
plate in a pulsed serpentine pattern (8-12 psi) until the catalyst reached the desired
loading (2 mg cm~?|32 mg total). The surface was allowed to evaporate before
spraying a new layer of catalyst by waiting about 5 s between each serpentine
pattern. To weigh the catalyst mass between sprays, the tape frame was removed,
and the electrodes were allowed to cool to room temperature before weighing.
A new tape frame was placed around the active spray area. After the catalyst was
sprayed, a 5% Nafion solution was sprayed over the catalyst layer in a pulsed serpen-
tine pattern until the ionomer overlayer reached 10%-20% of the catalyst mass
weight (3.2-6.4 mg). The cathodes were stored in a polystyrene container at room
temperature until use.

Bipolar membrane preparation

BPMs were prepared using a Nafion 212 (50.8 um) (Fuel Cell Store) proton exchange
membrane and ionomer as the CEL, PiperlON TP-85 (40 pm) (Versogen) anion
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exchange membrane and ionomer as the AEL, and a TiO nanoparticulate WD cata-
lystlayer. TiO, nanoparticles (0.1 g) (Nippon Aerosil) were dispersed in water (4.9 g).
The ink was sonicated for 5 min. A small amount of this concentrated TiO,-water
“motherink” (30 mg) was diluted in a water and IPA (2-propanol) mixture (0.47 g wa-
ter, 1.7 g IPA). The diluted ink was bath sonicated for 5 min prior to spraying. The as-
received Nafion membrane was removed from the plastic backing and soaked in DI
water over night. The edges of the Nafion membrane (cut with scissors to 1.5 cm X
1.5 cm) was carefully taped onto a glass Petri dish ensuring no air bubbles were pre-
sent, leavinga 1.2 cm X 1.2 cm area exposed, and the Petri dish was laid flat on a hot
plate (90°C) in a fume hood. The diluted TiO, ink was then hand-sprayed ([Testors],
perpendicular to the hot plate surface, 10 psi) onto the Nafion membrane in bursts
(~1 s). The burst pattern involved spraying 10 times, then rotating the sample 90°
and repeating until the ink was completely used. The air flow from the fume hood
and spray methodology were important in reproducing the TiO, loading and
morphology on the Nafion membrane. When the entirety of the dilute TiO, ink
was sprayed, the tape was carefully removed from the edges of the membrane, using
water to help lift the tape. The edge of the membrane was marked to identify what
side had been sprayed, and the membrane was stored in DI water until ready to
assemble the electrolyzer, at which point it was combined with the PiperlON anion
exchange membrane.

Seawater treatment

Seawater was collected from Half Moon Bay, CA and filtered to remove suspended
solids prior to incorporation into either electrolyzer reservoir during testing. This
simple filtration mitigated potential clogging of the water feed diaphragm pumps
(KNF Neuberger) by particulate matter during long-term circulation of the seawater.

Electrolyzer assembly

Commercial electrolyzer hardware (5 cm?, [Fuel Cell Technologies]) was used in all
tests, in configurations shown in Figure 1. A Ti flow field was used for the anode
side, and a graphite flow field was used for the cathode side. Assembling from the
anode side, gaskets (polyethylene terephthalate [PETE], 0.047” for BPMWE,
0.037” for PEMWE, cut with a 1 cm X 1 cm opening) were stacked on top of the ti-
tanium flow field. A porous Ti support was placed in the gasket opening followed by
the anode PTL, catalyst side up. The PiperlON membrane (1.5 x 1.5 cm) was placed
on top of the PTL. The TiO,-coated Nafion membrane was placed on top of the
PiperlON membrane, with the TiO; side facing down (toward the PiperlON). Addi-
tional gaskets were placed on top (PETE, 0.037” cut witha 1 cm X 1 cm opening) and
the cathode PTL was placed in the gaskets, catalyst side down (facing the Nafion
membrane). A Ti support was placed on top of the cathode PTL. The cathode flow
field, current collector, and back plate were placed on top. The hardware was tight-
ened to 50 Ibs-in (5.65 N m) using a star pattern of tightening to ensure even
compresion.

Electrolyte flow conditions

The electrolyzer was connected to two separate water re-circulating loops—one for the
cathode and one for the anode. Each loop circulated to and from their own respective
1 L reservoirs of water heated to 60°C. The water was supplied to both the anode and
cathode with a calibrated flow of 60 mL/min using diaphragm pumps (KNF Neuberger).
Electrochemical measurements began when the cell temperature, as measured by a
K-type thermocouple at the cathode back plate, reached 50°C (£ 1°C), which took
~30 min for each experiment. The cell temperature was maintained at 50°C (+1°C)
by tuning the water temperature in the reservoirs as appropriate.
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Electrolyzer break-in and operation

Abreak-in procedure was performed before each experiment, with DI water circulating
to both cathode and anode electrolyzer compartments. First, current was held at 10
mA for 1 min. The current was then sequentially stepped up in 50 mA increments
from 50 to 500 mA, holding each current for 1 min prior to stepping to the next. In
the final increment, current was held at 500 mA for a total of 10 min, at which point
a "break-in potential” was recorded to ensure that baseline device performance was
as expected. If the break-in voltage of a BPM was >2.5 V or of a PEM was >1.9 V at
500 mA cm ™2, the electrolyzer was disassembled and reassembled with a new mem-
brane electrode assembly (MEA). This first sequence is coined as “CP1" and can be
seen for all three membrane architectures in Figures S2A and S2B. Following this
increasing first sequence of stepped chronopotentiometry, the current was stepped
back down in 50 mA increments from 500 to 50 mA, again holding each current for
1 min, followed by 1 min at 10 mA. This decreasing sequence of stepped chronopoten-
tiometry is coined as “CP2.” Next, a rapid, increasing stepped chronopotentiometry
sequence was performed starting at 10 mA for 10 s, and then again stepping the cur-
rentin 50 mA increments from 50 to 500 mA holding each for 10s. This last sequence is
coined as “CP3.” Polarization curves shown in Figures 2A and 2B were extracted from
stabilized voltages at the end of each current step in CP1, prior to increasing applied
current density. This method avoids spurious results that might otherwise arise from ex-
tracting voltages at non-steady-state membrane conditions.

Following the completion of CP3, a series of galvanostatic electrochemical imped-
ance spectroscopy (GEIS) scans were performed at fixed current densities of 500
mA cm™? (GEIS 4), 250 mA cm™? (GEIS 5), 100 mA cm™? (GEIS 6), 50 mA cm?
(GEIS 7), and then at the target current density for long-term electrolysis (GEIS 8),
with superimposed alternating currents (AC) having magnitudes of 10% of each
respective direct current (DC). AC oscillation frequencies were scanned from 200
kHz to 20 mHz to extract circuit resistances, voltage-dependent charge-transfer re-
sistances, and voltage-dependent water-dissociation resistances (in the case of a
BPM) prior to the addition of simulated (0.5 M NaCl,) or real seawater.

After the break-in procedure, the current was held constant at either 0, 50, 100, 250,
or 500 mA for 6 h. When the voltage reached a steady-state value (~5 min), either
NaCl (29.22 g) was added to the cathode reservoir (1 L) to create a 0.5 M NaCl,q
cathode feed solution, or pre-heated seawater from Half Moon Bay, CA was
exchanged as the cathode feed solution, depending on the desired experiment.
An aliquot of 5 mL was taken for inductively coupled plasma mass-spectrometry
(ICP-MS) analysis (ThermoScientific iCAP RQ) and pH measurements (accumet
BASIC, accuTupH probe) from the anode feed at t = 0 s (immediately before the
salt was added), 1, 3, and 6 h. Aliquots of 10 mL were also taken from the anode
feed for additional analysis via UV-vis to quantify free chlorine concentrations at
elapsed times of 1, 3 and 6 h after the addition of NaCl. Throughout this constant
current experiment, additional GEIS experiments were performed at the same cur-
rent density (GEIS 10-16) to monitor changing impedance over time.

Inductively coupled plasma mass-spectrometry measurements

Trace element analysis (Tables S2 and S3) was performed with ICP-MS
(ThermoFisher Scientific, iCAP RQ) using a parallel flow nebulizer (Burgener PEEK
Mira Mist) and a Peltier-cooled Scott-type double-pass cyclonic spray chamber
cooled to 2.7°C. Forward radio frequency plasma generator power was set to
1,550 W with argon flows of 14 L min~" for carrier gas, 0.8 L min~" for cooling
gas, and 1.2 L min~" for nebulizer gas. Sample and skimmer cones of nickel were
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installed with a 4.5 mm robust insert to increase matrix tolerance for seawater. The
ICP-MS was operated in helium kinetic energy discrimination (He KED) mode with a
Qcell collision/reaction gas flowrate of 5 mL min~". Na and Cl standard solutions
were prepared for a concentration range from 0.1 to 5 ppm using serial dilution of
a NaCl standard (Ricca Chemical). Pt (Sigma Aldrich), Ir (Ricca Chemical), and Fe
(Sigma Aldrich) standard solutions were prepared for a concentration range from
0to 100 ppb using serial dilution. All measurements were performed with three rep-
etitions of ten sweeps using a 100 ms dwell time and reported error bars correspond
to the relative standard deviation (on average, ~5% RSD).

Three-electrode measurements

The three-electrode measurements (Figure S12) designed to evaluate Cl~ electro-
oxidation were executed using the appropriate PTL with catalyst and ionomer
overlayer (e.g., stainless steel with IrO, and PiperlON to simulate a BPMWE anode;
Pt/Ti with IrO, and Nafion to simulate a PEMWE anode) as a working electrode in
aqueous 0.5 M H,SO4 or 1 M NaOH with 0.5 M NaCl electrolytes to mimic the inter-
face pH environment of PEMWE or BPMWE, respectively. Counter electrodes in all
cases were the same catalyst and ionomer-coated carbon paper electrodes as were
also used in the electrolyzer configuration and were separated from the working
electrode by a Nafion membrane. Ag/AgCl reference electrodes were placed in
the working electrode compartment of the Teflon H-cell to monitor working and
counter electrode potentials. Electrolysis was performed both at a range of constant
potentials near the onset of COR as well as at two current densities of relevance to
this work (i.e., 100 and 250 mA cm~2).

Chloride oxidation quantification

ClI™ oxidation to free chlorine was quantified using a commercially available colori-
metric N-diethyl-p-phenylenediamine (DPD) test (Thermo Scientific Orion Chlorine
Free-DPD Powder Packs). Briefly, the contents of one as-received “DPD Powder
Pack” were added to a 10 mL analyte solution in a 20 mL scintillation vial. The vial
was shaken vigorously for 10 s. A vibrant pink color would develop if free chlorine
was present in the aliquot. Immediately after adding DPD, the sample was placed
into a disposable polystyrene UV-vis cuvette with a path length of 1 cm. The UV-
vis spectrometer (Agilent Cary 6000i) was configured in double beam mode with
Dl water in the reference cuvette and scanned at 10 nm/s from 800 to 200 nm. Back-
ground scans were acquired by adding a DPD packet to DI water. To quantify free
chlorine concentrations, absorbance was recorded at 552 nm. 552 nm is the wave-
length of maximum absorbance of DPD when it has been oxidized by any free chlo-
rine species to generate its “Wurster Dye” radical analog.*>**® This absorbance was
then converted to a free chlorine concentration according to an established calibra-
tion curve (Figure S23). To account for potential free chlorine degradation with time,
we measured the rate of free chlorine concentration decrease in solutions that were
flowed through BPMWE and PEMWE devices under (1) open circuit conditions, (2)
electrolysis conditions at 500 mA ecm~2, and (3) two different anode PTL composi-
tions (Figure S11). The rate of degradation in all cases was sufficiently slow on the
timescale of our experiments as to be considered negligible.

X-ray photoelectron spectroscopy

Electrode surface composition was analyzed with a Phi VersaProbe 3 with mono-
chromatized Al (Ke) radiation, 200 pm spot size, 50 W power, and 15 kV gun voltage.
Samples were neutralized during acquisition with an electron flood gun and an Arion
gun and spectral signatures were identified according to their binding energies rela-
tive to adventitious carbon signal at 284.8 eV.
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Scanning electron microscopy

Electrode morphology was observed with a Thermo Fisher Scientific Apreo S
LoVac Scanning Electron Microscope with Trinity detector system and NiCol elec-
tron column under high-vacuum conditions with an accelerating voltage of 15 kV
(~1.0 nm beam resolution), a 10 pA beam current and a working distance of
10 mm. Scale bars were generated from pixel-calibrated image files in ImageJ
software.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2023.03.005.
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Supplemental Iltems

Figure S1. Schematic depicting the architecture of an assembled BPMWE. PEMWE architectures
are similar but with a monopolar CEL membrane instead of the bipolar membrane in the membrane
electrode assembly. AEMWE architectures were also similar but with a monopolar AEL membrane
instead of the bipolar membrane. Briefly, the AEMWE was constructed in a similar manner to the
BPMWE (see methods), with the following exceptions: 1) the ionomer in the cathode catalyst ink and
ionomer overlayer was PiperlON rather than Nafion, 2) only one layer of PiperlON was used to
separate the anode from the cathode rather than the CEL/AEL combination used in the BPMWE.
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Figure S2. Performance and failure analysis of AEMWESs. (A) Voltage-time behavior during CP1
stepped chronopotentiometry with DI H20 as the cathode feed for a BPMWE (blue), AEMWE (pink),
and PEMWE (black). (B) Voltage traces during CP1 stepped chronopotentiometry with aqueous 0.5
M NaCl as the cathode feed for a BPMWE (blue), AEMWE (pink), and PEMWE (black). (C) 6 hour-
long galvanostatic measurement (j=250 mA cm) under asymmetric (aqueous 0.5 M NaCl as the
cathode feed, DI water anode feed) for all three electrolyzer constructs. The AEMWE was stopped
upon reaching a cell voltage of 4.5 V. (D) Na* (blue) and CI- (black) concentrations in the anode feed
of an AEMWE at various points in time during asymmetric mode electrolysis (0.5 M NaClaq fed to
cathode) at 250 mA cm2. (E) Relative ICP-MS intensity for dissolved Pt and Ir in the anode feed of an
AEMWE at various points in time during asymmetric mode electrolysis (0.5 M NaClaq fed to cathode)
at 250 mA cm. (F) pH in the anode chamber over time for the AEMWE shown in panel C. (G) Cathode
feed (left) and anode feed (right) after 158 minutes of electrolysis with asymmetric 0.5 M NaClaq
cathode feed for an AEMWE, illustrating the discoloration of the anode feed from dissolved metals
like Fe that were present from the PTL. H) AEM/anode interface side of the AEM (left) after 158
minutes of 0.5 M NaCl electrolysis with an AEMWE, alongside the corresponding anode PTL,
illustrating the extreme loss of the stainless-steel microporous layer over the course of electrolysis.
See methods for description of CP1 electrochemical routine.
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Figure S3. Zero-current impedance analysis. Full 0 mA GEIS Nyquist plots under different
electrolyte conditions for the PEMWE (A) and the BPMWE (B). Zoomed-in perspectives of the
spectra in (A) and (B), illustrating the high-frequency intercepts, are shown below for the PEMWE
(C) and for the BPMWE (D). All 0 mA GEIS experiments shown were performed with a 20 YA sinus
amplitude. See Note S4 and methods for additional details.
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Figure S4. Series resistance comparison. Rs values with varied electrolyte conditions as extracted
from the PEMWE and BPMWE 0 mA GEIS experiments shown in Fig. S3, highlighting a significant
dependence on total membrane resistance in the BPMWE on electrolyte conditions, compared to a
relative insensitivity in the case of the PEMWE. We note that in both electrolyzers, extracted
resistances at 0 mA mirror those of the high-current experiments that are represented in Fig. S5 and
Fig. S6, indicating minimal dependence of Rs on current density in the ranges studied here. See
Note S4 for additional discussion.



A)
18
4 —=— 0.5 hr
0.3
15 e 1hr
- + 3hr
~127" —v—6hr
g "® 06 02 0.4 06 08 10 No NacCl
rg 9 v,gﬂ:x;:yél.r
- e
B4 .
KR 5 k"
0 J T T T "‘I‘l
0 5 10 15 20
ReZ (Q))
C) o
0.08 = 05hr
006 —=+—1 hr
6_0.04 " 3 hr
A 0.0 v 6hr
g 0992 0.4 0.6 No NaCl
N 4 S
I/A. -
2 1 /A./ v N v
/‘_.v -
4 5 T
0 - T T T T “
0 2 4 6 8 10

Figure S5. Electrolyte- and time-dependent PEMWE impedance spectroscopy. Average GEIS
spectra scanned from 300 kHz to 20 mHz before (Purple) and at several timepoints after the addition
of 0.5 M NaCl to the cathode feed in a PEMWE at applied current densities of (A) 50 mA cm?, (B) 100
mA cm?, (C) 250 mA cm?, and (D) 500 mA cm. Scans represent the average spectra from no less
than three replicate experiments. Insets are a zoomed in depiction having the same axis labels of the
averaged result of GEIS at each corresponding current density prior to adding aqueous 0.5 M NaCl
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to the cathode feed (“No NaCl”). See Note S4 and methods for additional details.
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Figure S6. Electrolyte- and time-dependent BPMWE impedance spectroscopy Average GEIS
spectra scanned from 300 kHz to 20 mHz before (Purple) and at several timepoints after the addition
of 0.5 M NaCl to the cathode feed in a BPMWE at applied current densities of (A) 50 mA cm, (B) 100
mA cm?, (C) 250 mA cm?, and (D) 500 mA cm. Scans represent the average spectra from no less
than three replicate experiments. Insets are a zoomed in depiction having the same axis labels of the
averaged result of GEIS at each corresponding current density prior to adding 0.5 M NaCl to the
cathode feed (“No NaCl”). In these plots, the higher frequency left semi-circle has been assigned to
water dissociation while the lower frequency right semi-circle corresponds to charge transfer. See
Note S4 and methods for additional details.
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Figure S7. Equivalent circuits that were used for all GEIS fitting in this work. (A) PEMWE equivalent
circuit where R1 corresponds to Rs and Rz corresponds to Rcr and (B) BPMWE equivalent circuit where R1
corresponds to Rs, Rz corresponds to Rct, and Rs corresponds to Rwp. Constant phase elements are used
in all cases to account for non-ideal capacitive behavior of the electric double layer and WD catalyst.
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Figure S8. Randles circuit model comparison to real PEMWE impedance. Nyquist plot showing
real and imaginary components of PEMWE impedance (black) at 250 mA cm with aqueous 0.5 M
NaCl added to the cathode feed, scanned in the range 300 kHz>1 mHz, illustrating a significant
low-frequency inductive element that cannot be modeled (red) with a Randles cell equivalent circuit.
Highlighted in green are the right) DC point that would be erroneously extracted from using a
Randles equivalent circuit to model the system versus the left) real DC point that agrees with the
measured PEMWE cell current and voltage. Corresponding table with fit parameters also shown:
R1 and R2 represent series and charge-transfer resistance, respectively, while Q1 and A1 represent
a constant phase element and its corresponding exponential parameter that describes deviation
from “ideal” capacitive behavior, respectively. See Note S4 and methods for additional details.
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Figure S9. Average resistance values during PEMWE and BPMWE operation. GEIS during
chronopotentiometry at 50-500 mA cm? before adding NaCl to the cathode feed (orange),
immediately after adding 0.5 M NaCl to the cathode feed (green), and after 6 hours of electrolysis
with 0.5 M NaCl in the cathode feed (purple). (A) PEMWE charge-transfer resistances, (B) BPMWE
charge-transfer resistances, (C) PEMWE series resistances, (D) BPMWE series resistances, and (E)
BPMWE water-dissociation resistances. Error bars represent a single standard deviation taken from
no less than three replicate experiments.
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Figure $10. lonic current selectivity during PEMWE and BPMWE operation. (A) Percent of total ionic
charge carried by CI- migration during BPMWE (blue) and PEMWE (black) as a function of applied current
density under asymmetric operating conditions (0.5 M NaClaq as the cathode feed; DI H20 as the anode
feed) [See Note S2]. (B) Schematic of ion transport for BPMWE architecture, where H* and OH" that are
consumed at the cathode and anode, respectively, are ideally replenished by the H* and OH" generated
by water dissociation catalysis. In the ideal case, Na* is suppressed by the direction of the electric field,
and CI- by Donnan exclusion. (C) Schematic of an alternative, deleterious mechanism of carrying current
through this system involving CI- migration to the anode which must proceed in lieu of a WD event
(BPMWE) or in lieu of a H* crossover event (PEMWE), leading to pH variations at both electrodes.
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Figure S11. Measurements of free chlorine degradation over time. DI water was circulated in the
cathode reservoir and a solution of aqueous NaOCI [Sigma Aldrich, reagent grade] diluted to 3.5-5 yM
was circulated to the anode reservoir chamber. The concentration of free chlorine in the anode chamber
was monitored for 6 hours at 50 °C. (A) Free chlorine concentration in the anode reservoir over time using
BPMWE architecture with no applied current (black) compared to with 500 mA cm applied current (red)
using stainless steel PTL in both cases, (B) Free chlorine concentration over time using BPMWE
architecture when PTL material is stainless steel (black) compared to a platinized titanium PTL (red) at
open circuit voltage, and (C) Free chlorine concentration over time using BPM (black) and PEM (red) in
water electrolyzer. First-order rate constants are in the same order of magnitude (10 s™') indicating that
neither applied potential, PTL material, or membrane type significantly affect hypochlorite degradation
kinetics.
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Figure S12. Three-electrode measurements. (A) Image of the PTFE H-Cell that was used to
evaluate “simulated” electrolyzer anode environments in three-electrode configurations. (B) UV-Vis
spectra illustrating the absorbance response from the DPD test (see methods section), indicating the
presence of free chlorine dissolved in electrolyte after passing 20 C of charge. (C) COR Faradaic
efficiency (see Note S1) for simulated BPM (blue) anode environments (1 M KOH, 0.5 M NaCl,
PiperlON ionomer overlayer) and simulated PEM (black) anode environments (0.5 M H2SOs4, 0.5 M
NaCl, Nafion ionomer overlayer) as a function of applied potential. (D) COR Faradaic efficiency for
simulated BPM (blue) anode environments and simulated PEM (black) anode environments at
geometric current densities analogous to those observed in MEA electrolysis, highlighting both the
lack of free chlorine generation at BPM anode environments, as well as the apparent decrease in
COR efficiency as current density increases for the PEM. All experiments were performed with aq.
0.5 M NaCl as the anolyte, dissolved in either 1 M NaOH (simulated BPM experiments) or 0.5 M
H2S04 (simulated PEM experiments), thereby maximizing ClI- access to the IrOx catalyst and informing
whether either electrolyzer construct can feasibly operate with seawater on both sides of the device.
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Figure S$15. Current dependence of PEMWE and BPMWE voltage stability. Voltage degradation rates
(4Vy ) at each current density tested for BPMWEs (blue) and PEMWEs (black) after adding 0.5 M NaClaq
to the cathode feed (see Fig. S14). This voltage degradation is consistent with membrane degradation at
the anode-AEM interface that drives increased series resistance over time (see Fig. S9), as well as
generation of oxidizing chlorine species at the PEMWE anode (see Fig. S17). Fitlines added to guide the
eye and do not represent additional data. Error bars represent standard deviations taken from no less than
three replicate experiments.
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Figure S16. PEMWE and BPMWE pH over time during seawater electrolysis. Anode feed (orange) and
cathode feed (green) pH at the beginning and end of seawater electrolysis at 250 mA cm in a (A) PEMWE
with seawater on the cathode side and DI H20 on the anode side and (B) BPMWE with seawater on the
cathode side and DI H20 on the anode side, illustrating the gradual acidification of the bulk anode feed over
time and the relatively unchanged bulk cathode feed pH over time. Note that at t = 0, the pH of initially
ultrapure DI water in the anode chamber could not be measured reliably using an electronic pH probe, and
thus the pH was measured using high resolution pH paper (Hydrion, pH 5.5-8.0 test strips).
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Figure S17. Free chlorine correlation with PEMWE and BPMWE voltage stability. Voltage
degradation rates over the course of 6 hours of constant-current electrolysis (black) compared to free
chlorine concentration accumulated after 6 hours of constant-current electrolysis (red) at each current
density tested for (A) PEMWESs and (B) BPMWEs after adding 0.5 M NaClaq to the cathode feed. Error
bars in all cases represent a single standard deviation extracted from no less than three replicate
experiments. Fit lines added to guide the eye and do not represent additional data.
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Figure S18. PEMWE XPS analysis. XPS survey scans illustrating the surface composition of PEMWE
electrodes after seawater electrolysis experiments, including: (A) anode after symmetric seawater
electrolysis, (B) anode after asymmetric seawater electrolysis, (C) cathode after symmetric seawater
electrolysis, and (D) cathode after asymmetric seawater electrolysis. Significant Mg deposition in (C) is
consistent with the additional contribution by Mg(OH): precipitation to the immediate voltage loss observed

in Figure 5B of the main manuscript.
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Figure S19. BPMWE XPS analysis. XPS survey scans illustrating the surface composition of BPMWE
electrodes after seawater electrolysis experiments, including: (A) anode after symmetric seawater
electrolysis, (B) anode after asymmetric seawater electrolysis, (C) cathode after symmetric seawater
electrolysis, and (D) cathode after asymmetric seawater electrolysis. Significant Mg deposition in (D) is
consistent with the additional contribution by Mg(OH)2 precipitation to the gradual voltage loss observed in
Figure 5A of the main manuscript, although it's absence in (C) indicates that Mg(OH)z did not play a
significant role in the BPMWE's accelerated failure during symmetric seawater electrolysis. Rather, we
attribute the diminished Ir signal in (A) compared to (B) to an increased rate of stainless steel corrosion,
which we attribute to the locally more acidic pH conditions. We believe these local pH conditions during
symmetric seawater electrolysis led to catalyst detachment from the BPM anode.
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Figure S20. Pre-electrolysis PEMWE and BPMWE electrode morphology. SEM images showing the
surface morphology of PEMWE/BPMWE electrodes before seawater electrolysis experiments, including:
(A) PEMWE/BPMWE cathode, (B) BPMWE anode, and (C) PEMWE anode.
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Figure S21. Post-electrolysis PEMWE electrode morphology. SEM images showing the surface
morphology of PEMWE electrodes after seawater electrolysis experiments, including: (A) anode after
symmetric seawater electrolysis, (B) anode after asymmetric seawater electrolysis, (C) cathode after
symmetric seawater electrolysis, and (D) cathode after asymmetric seawater electrolysis. It appears from
these SEM images that catalyst loss as observed in (C) after three minutes of symmetric seawater
electrolysis was greater than catalyst loss is seen under asymmetric seawater electrolysis (D).
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Figure S22. Post-electrolysis BPMWE electrode morphology. SEM images showing the surface
morphology of BPMWE electrodes after seawater electrolysis experiments, including: (A) anode after
symmetric seawater electrolysis, (B) anode after asymmetric seawater electrolysis, (C) cathode after
symmetric seawater electrolysis, and (D) cathode after asymmetric seawater electrolysis. Significant change
to the electrode morphology is seen in (A) is attributed to the corrosion of the stainless steel after six hours
of electrolysis. Catalyst loss is observed in (D) after 110 hours of asymmetric electrolysis.
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Figure S23. Free chlorine concentration calibration curve. Linear region of the free chlorine calibration
curve obtained using DPD colorimetric UV-Vis analysis. Error bars (red bars) represent a single standard
deviation from no less than three replicate measurements on three individually prepared samples.
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Table S1. Average voltage degradation rates and standard deviations extracted from 6 h CP
electrolysis of 0.5 M NaCl

Avgso Avg1oo Avgaso Avgsoo

(mVih) (mVih) (mVih) (mVih)

BPMWE 7.96 13.58 27.62 47 .61
PEMWE 17.52 27.95 34.44 25.50
Stdso Std1oo Std2s0 Stdsoo

(mV/h) (mV/h) (mV/h) (mV/h)

BPMWE 15.13 12.02 7.73 24.58
PEMWE 12.00 8.04 21.33 13.55




Table S2. ICP-MS Analysis of dissolved metals (Fe, Ir, Pt) in the anode water feed after electrolysis

Asymmetric Symmetric
AEMWE BPMWE PEMWE BPMWE PEMWE
(0.5M (Seawater) (Seawater) (Seawater) (Seawater)
NaCl)
Electrolysis | = g5 111 50.4 6.75 0.05
time (h)

*Mdis,Fe (MQ) 31784 179.034 3.81 1810 N/A
Muis,ir (Hg) 3.3 3.744 N/A N/A 0.13
Muis,pt (MQ) 0.49 0.218 0.71 0.7 0.27

*T dis,Fe
15504 1.61 0.08 268.1 N/A

(ngfhr)
rdis,ir (Mg/hr) 1.6 0.03 N/A N/A 2.63
rdis,pt (Mg/hr) 0.24 0.002 0.01 0.10 5.32

*We attribute trace Fe detected in the anolyte of PEMWE to minor corrosion of 316 SS electrolyzer input

and output connections. Higher Fe signal detected in the BPMWE and AEMWE are attributed to corrosion
of the 316 SS PTL substrate.

Table S3. ICP-MS analysis of Fe, Ir, Pt, in seawater and in the anode DI water feed prior to
seawater electrolysis*

Seawater BPMWE PEMWE
(t=0) (t=0)
CFe
0.40 0.70 1.28
(ng/L)
C Ir
’ N/A N/A N/A
(uglL)
Cpt
’ N/A 0.04 0.25
(uglL)

* The seawater column describes the concentration of Fe, Ir, and Pt in a representative sample of seawater.
The BPMWE and PEMWE columns describe the concentration of Fe, Ir, Pt in DI water feeds after
electrolyzer break-in procedure but prior to addition of seawater.
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Supplemental Notes
Note S1. Chloride Oxidation Faradaic Efficiency Calculation

We calculated COR Faradaic efficiency using the equation below based on total free chlorine
concentrations measured in the anode reservoir using colorimetric (UV-Vis) analysis:

2mole” 96485 C 1
X — X 100%

FE (%) =M xV x X
(%) 1 mol COR Product 1mole~ Q

Here, M is the total concentration in mol/L of free chlorine species (e.g. OCI, HOCI, Clz), V is the total
volume (L) of solution, and Q is the total charge (coulombs) of charge passed in the experiment after
NaCl was added to the cathode reservoir. We note that we assumed COR occurred only through the two-
electron oxidation pathway (see section below), owing to the kinetic limitations expected for 4-, 6-, and 8-
electron pathways to generate ClOz, ClOs", and CIO4, respectively.

Note S2. Percent of lonic Charge Carried by CI

The “percent of ionic charge carried” by CI- is a metric describing the extent to which CI- was responsible
for carrying ionic current between cathode and anode. This is with respect to other ions present which also
may have contributed to the ionic current (e.g., H*, OH", Na*). For this calculation, we assumed that the
only driving force for Na* crossover to the anode was diffusion as the electric field across the membrane
would drive migration of positively charged species (Na*) toward the cathode—thus all Na*ions that diffuse
from cathode to anode must have been accompanied by CI-.

Under ‘asymmetric’ feed conditions, the [CI] in the anode reservoir represents both CI- that diffused to the
anode in concert with Na* as well as CI- that was driven from cathode to anode and carried ionic current
between the electrodes (Figure 3c, middle panel). We took the difference between [CI] and [Na*] in the
anode reservoir to indicate the amount of CI- that carried ionic current over the course of the experiment,
and used this value to calculate the percent of the total charge that carried between the electrodes that was
supported by CI- using the following equation:

1molee~ 96485C 1

— 0,
1m0leCl‘x1mole‘xQ * 100%

Charge Carried (%) = (M¢i- — Myg+) XV X

Here, V is the volume (L) of solution in the anode reservoir at t = 6 hr, and M; is the concentration (mol
L") of species i in the anode reservoir att =6 hr.

Note S3. Strategies for Mitigating Chloride Oxidation

We considered two strategies for mitigating electrocatalytic chloride oxidation in membrane electrolyzers:

(A) Reducing [CI] at the membrane-anode interface. This should disfavor COR by both lowering the total
reactant concentration in the reaction space as well as by thermodynamically disfavoring COR relative to
OER (see B). While the composition of seawater is effectively fixed and as a result the bulk CI- cannot be
modified without pre-treatment of electrolyzer input feeds, the local [CI-] at the membrane-anode interface
can be influenced using ion-selective membranes. For example, proton-exchange membranes (PEMs), can
be used to inhibit anionic species from being transported to the anode interface.

(B) Using alkaline membrane/anode interfaces to thermodynamically disfavor the oxidation of CI- to free
chlorine (i.e., Clz2, HOCI, OCI') with respect to OER." This should disfavor COR with respect to OER via the
increased thermodynamic potential requirement for COR at high pH in comparison to low pH (see Figure
$12-S13). Establishing alkaline membrane-electrode interface microenvironments should favor OCI- as the
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potential two-electron CI- oxidation product rather than HOCI or Clz, affording maximal thermodynamic
favorability for OER over COR. AEMs, with positive fixed charges in their polymer backbone, are intrinsically
amenable to steady-state alkaline pH conditions. However, AEMs generally favor anion transport (e.g., CI
, see Figure S2) — this motivated our effort to synergistically leverage the ion-transport properties afforded
by PEMs with the thermodynamically favorable microenvironment/alkaline conditions afforded by AEMs.

We also note that the identity of the two-electron CI- oxidation products are dictated by electrolyte pH, and
as seen in the Pourbaix diagram (Fig. S13), the thermodynamic preference for OER over COR will increase
at higher pH. We also note that other CI- oxidation products, including ClO2 (4 e oxidation), ClO3 (6 e
oxidation), and CIO4 (8 e oxidation), have less positive standard potentials, but the increasingly complex
nature of the 4 e, 6 7, 8 e mechanisms required to generate these products suggest they will be kinetically
difficult to produce.

Note S4. Electrochemical Impedance Analysis

We used electrochemical impedance spectroscopy (EIS) to provide a deeper understanding of the
observed PEMWE and BPMWE cell voltage increases upon addition of NaCl. EIS has been previously
demonstrated as a useful tool in evaluating water electrolysis performance, and we used it here to identify
sources of performance limitation (e.g., series resistance, catalyst activity, etc.) as a function of current
density and electrolyte composition.* For both BPMWE and PEMWE, galvanostatic electrochemical
impedance spectroscopy (GEIS) was performed in a two-electrode configuration with the anode as the
working and cathode as the counter electrode. GEIS was executed using a superimposed alternating
current having an amplitude equal to 10% of the direct current density from a frequency of 300 kHz down
to 20 mHz. Figure S3 shows Nyquist plots and Figure S4 shows tabulated results of 0 mA fixed current
density GEIS scans for both architectures under several electrolyte configurations. To ascertain the effect
of electrolyte presence and composition on membrane properties without the application of a constant
current, we examined the high-frequency resistance for both electrolyzers as-assembled, with symmetric
DI water fed conditions, with asymmetric 0.5 M NaCl fed conditions, and with symmetric 0.5 M NaCl fed
conditions. Figure S5 and Figure S6 show Nyquist plots at each current density studied (50-500 mA cm-2)
for the PEMWE and BPMWE, respectively, both before adding 0.5 M NaCl to the cathode feed (“Before
NaCl”’) and at several time points after adding NaCl to the cathode feed (“GEIS 10-16"). Guided by
previously reported impedance studies, we observed that phenomena occurring at relatively high
frequencies include both series resistance, and, in the case of the BPMWE, water dissociation impedance.
These are taken to be the left-most x-axis intercept of both electrolyzer Nyquist plots and the left-most
semicircle diameter of the BPMWE Nyquist plots, respectively.

In the absence of NaCl, the standard treatments of PEMWE behavior with a simplified Randles
circuit (Fig. S7A) and BPMWE with a Randles circuit modified to account for the RC element associated
with water dissociation impedance (Fig. S7B) yield interpretable and reasonable values of series resistance
(Rs), charge-transfer resistance (Rct), and water-dissociation resistance (Rwp).? However, upon addition of
NaCl to the cathode feed of both electrolyzers, we observed significant inductive behavior at low
frequencies (< 30 mHz) that is manifested as a positive imaginary component of the impedance (i.e. below
the x-axis; note the sign of -Im(Z)). With the onset of this inductive behavior after adding NaCl, it is clear
that the simplified circuits implemented in the DI H20 case as shown in Figure S7 are insufficient for
extracting impedance information from low-frequency phenomena such as Faradaic charge transfer. We
can see this in the PEMWE case shown in Figure S8 where the DC point—that is, the low-frequency limit
of the GEIS spectrum that should yield a resistance value that can be multiplied by the direct current density
to yield the observed cell voltage under DC constant current conditions—does not agree with the total
system resistance if the total resistance is taken to be the sum of Rs and Rcr, as was the case in the absence
of NaCl. Discussions of the treatment of low-frequency induction in impedance spectroscopy exist in fuel
cell and water electrolysis literature,>’ and the underlying cause of the observed behavior remains a
challenging research question. Reliable treatment of this so-called “chemical inductance” phenomenon
remains a question of interest in the field,®> and robust analysis of the behavior observed in our system is a
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target of our future work. In short, while high frequency regions of all Nyquist plots from NaCl experiments
in Figure S5-S6 are reliable for interpreting impedance, low frequency regions are not.

With this in mind, we assumed that the Rs and Rwp values extracted were from data at sufficiently
high frequencies (> 1 kHz) as to be effectively independent of the observed “chemical inductance” that
occurs below 30 mHz. Thus, Figure S7 illustrates that neither Rs in the PEMWE or BPMWE, nor Rwp in the
BPMWE, are sufficiently affected by the introduction of NaCl as to be the source of the significant voltage
increases observed for both electrolyzer architectures. Hence, we attribute the spike in cell voltage to be
predominantly sourced by some process or processes that strictly affect the Faradaic reactions at the
cathode and/or the anode. This is in agreement with our proposed hypothesis regarding Na* exchange for
H* in the Nafion reducing interface [H*].

Note S5. Stability Analysis

Figure S14 shows the V-t behavior of PEMWE and BPMWE electrolyzers over 6 hours with 0.5 M NaClagq
fed to the cathode and DI water fed to the anode. It appears that only at j = 500 mA cm was electrolyzer
durability improved for the PEMWE configuration over the BPMWE configuration, which may in part reflect
BPM dehydration effects — H20 transport to the water dissociation layer (WDL) may not have been
sufficient to support necessary H* and OH- fluxes that would maintain constant cathode and anode feed pH
(Figure S10B-C).%° Such a drop in WDL hydration could serve as the impetus for accelerated CI- transport
toward the anode where corrosive free chlorine could be generated as a side product, although none was
observed at these time scales.

While WDL dehydration may partially explain the increase in voltage degradation rate 4V, ,as a
function of applied current density for the BPMWE architecture, it has been observed that sufficiently
positive potentials can facilitate the degradation of most carbon-based ionomeric polymers.'®-'2 This
degradation may be exacerbated by the presence of ionic species that can adsorb to the fixed charge
groups of the ionomer. This adsorption would reduce membrane conductivity and subsequently lead to
accelerated oxidative degradation of the membrane when cell voltages increase in response to the
increased resistance. Still, it remains unclear what is the driving force for reducing the PEMWE degradation
rate at 500 mA cm relative to its degradation rate at lower current densities.

The correlation of PEMWE AV, with the free chlorine concentration after 6 hours of electrolysis
(Figure S17) indicates a positive correlation with higher average concentrations of corrosive free chlorine
species and higher rates of voltage degradation. While we expect that deleterious membrane oxidation will
become operative to some extent at the PEM-anode interface of the PEMWE at all applied currents over
the timescale of thousands of hours, the aforementioned scaling of performance loss in the presence of
corrosive free chlorine suggests that the COR represents an additional failure mechanism for the PEMWE
that is mitigated by the BPMWE.

In the case of the BPMWE, it is likely that the main drivers for performance loss over time are AEM
oxidation/conductivity losses, as well as water transport limitations negatively impacting water dissociation
kinetics within the BPM junction.

Following seawater electrolysis, post-mortem XPS analysis of electrode compositions (Figure S18)
qualitatively revealed more IrOx loss in the PEMWE anode over the course of longer electrolysis
(asymmetric case, ~50 hours) which we attribute to OCI- generation at the anode over time. In contrast, we
observe a stronger IrOx signal after shorter electrolysis (symmetric case, ~3 minutes), but also see a
significant Mg signal which indicates that cathode precipitation was coupled with IrOx dissolution to drive
electrical disconnection and subsequently higher voltages in the PEMWE. As a comparison, Figure S19
shows that in asymmetric seawater conditions, a significantly higher Ir signal remains on the BPMWE in
comparison to symmetric seawater conditions. We attribute the signal in this former case to the lack of OCI
generated at the anode, and in the latter case to a locally more acidic anode pH in the presence of seawater
which appears to have driven stainless steel corrosion and subsequent IrOx detachment.
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