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To limit global warming to less than

1.5�C, global greenhouse gas emis-

sions must be reduced by 45% by

2030 and reach net zero by 2050.1 In

the transition to net-zero emissions,
low-carbon hydrogen will play a vital

role in the decarbonization of hard-to-

abate sectors such as the chemical in-

dustry, long-term energy storage, avia-

tion, and shipping.1,2 Low-carbon

hydrogen can be produced by water

electrolysis using carbon-neutral elec-

tricity. The US Department of Energy

set an ambitious hydrogen price of

USD $1 per kg until 2031 as a goal,

and for its realization, electrolyzers

must become cheaper, more efficient,

and more durable. Academic research

plays a central role in achieving these

goals, and researchers have a responsi-

bility to pursue societally relevant aims

due to the publicly funded nature of ac-

ademic research. With the urgent need

to decarbonize our energy systems

and address climate change, we must

consider realigning our financial and

workforce resources toward devel-

oping practical solutions to reach net

zero by 2050.

Direct seawater electrolysis (DSE, or

direct seawater splitting) is a technology

thatuses seawater (>96%ofEarth’swater)

instead of ultrapure water to produce

hydrogen. In this article, the term DSE is

also employed for approaches using

seawater with additives, e.g., alkali hy-

droxides or buffers. DSE is promoted

as a process enabling the cheap produc-

tion of hydrogen fuel from abundant

seawater,3–5 e.g., in arid coastal areas

with low-cost renewable power. This

hydrogen can be globally transported

and then used as a chemical feedstock

or to provide energy and salt-free water

when oxidized.3–5 Following these super-

ficial arguments, DSE seems to be a holy

grail that can potentially contribute to

solving two humanitarian crises: climate

changeandwater scarcity. Consequently,

the number of publications on DSE has

been growing exponentially (more than

500 in 2023; see Note S1), and DSE re-

ports receive outstanding public interest

and media coverage (Altmetric scores

above 500).4 However, commercially

available water purification and water

electrolysis can already robustly produce
Joule 8, 2427–2448, September 18, 2024 2437



Figure 1. Comparison of the energy and overall costs of seawater purification and electrolysis

Hydrogen production using seawater with commercially available, mature technologies. The water

source is insignificant, as (sea)water purification to ASTM Type II water adds insignificant costs

(including energy, maintenance, and capital costs) to the overall process (see Note S3). The

thickness of the green arrow tails pointing to the electrolyzer and to the water purification system is

proportional to their respective electricity consumptions.
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hydrogen fromseawater, and thereareno

significant technological, economic, or

environmental incentives for the highly

demanding development of DSE.6–8

Thus, we anticipate that DSE cannot

contribute to reaching net zero until

2050, and focusing on its demanding

development misspends limited funding

resources.
Mature technologies can produce

hydrogen from seawater

without DSE

Current electrolyzers use purified water

(American Society for Testing and Ma-

terials [ASTM] Type II, <1 mS/cm; see

Note S2), as it is beneficial for an elec-

trolyzer’s lifetime and performance.

The purified water is obtained through

the treatment of a given water source,

such as fresh water, seawater, brackish

water, or industrial or household waste-

water.6–8 Globally, the most-applied

water purification technology is reverse

osmosis, where the feed water source

is pumped through a water-selective

membrane to achieve over 99%

removal of total dissolved solids.
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Reverse osmosis can be followed by

ion-exchange resins or electrodeioniza-

tion units to produce the required

higher water purity.7 Therefore, with

fully established, commercially avail-

able technologies for water purification

and electrolysis, hydrogen can bemade

from a wide variety of water sources,

including seawater.7 Thermodynami-

cally, seawater purification accounts

for only 0.03% of the total energy

required for producing hydrogen

from seawater through this coupled

approach (salinity of 3.5 g per L,

0.0135 kWh per kg H2 for the water pu-

rification and 33.3 kWh per kg H2 for the

electrolysis).6 For commercially avail-

able technologies, seawater purifica-

tion to ultrapure water has a negligible

influence on the total energy consump-

tion associated with electrolysis (�0.1%

of total energy; see Note S3). Since en-

ergy consumption is the main cost

driver for both technologies, water

purification also has a negligible contri-

bution to the overall costs, including

maintenance and capital costs (<USD

$0.02 per kg H2; see Note S3). This
comparison is illustrated in Figure 1.

Therefore, eliminating the water purifi-

cation step using DSE would provide

essentially no improvements to the en-

ergy and cost requirements for making

hydrogen from seawater.

DSE involves enormous technical

challenges

While the development of DSE can lead

to no significant advantages, it involves

tremendous challenges. Seawater con-

tains an enormous variety of impurities,

including inorganic salts of all of Earth’s

elements, charged and uncharged small

organic molecules, dissolved natural

organic matter, living organisms, and

dissolved gases.6 These chemical species

affect all parts of the electrolyzer,

including the electrodes, ion exchange

membrane or diaphragm, catalysts, and

the balance of plant. For example, spe-

cific already-reported harmful interac-

tions include6,9,10 (1) biofouling; (2)

formation of toxic, environmentally harm-

ful, and corrosive hypochlorite and chlo-

rine gas; (3) blocking of the diaphragm

or ion exchange membrane by charged

impurities; (4) degradation of the mem-

brane by iron; (5) blocking of catalyst

active sites by ions; (6) dissolution of cat-

alysts by organic species with coordi-

nating functional groups; (7) adhesion to

all surfaces by fluoride; (8) poisoning of

the hydrogen purity by preexisting gases

or electrogenerated gases; (9) deposition

of colloids such as aluminosilicate clays;

(10) deposition of aliphatic organic com-

pounds; and (11) decreasing faradaic effi-

ciency due to side reactions. Further-

more, every pipe, seal, device, or

electrolyzer part is threatened by corro-

sion and biofouling through seawater

exposure, decreasing lifetime and

increasing materials requirements and,

thus, capital and maintenance costs.

Additionally, due to the unpredictable

local and seasonal occurrences of these

diverse impurities, electrolyzers would

need to be built to withstand these

constantly changing and uncertain condi-

tions. Overcoming all of these challenges

will require substantial investment and
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research time, and it is questionable

whether direct seawater electrolyzers

can ever achieve robustness and lifetime

anywhere near those of high-purity-wa-

ter-fed electrolyzers.
Real advancements for green

hydrogen should focus on

improving high-purity-water-fed

electrolyzers

The scientific community must use pub-

lic research funds earmarked for green

hydrogen and climate change goals to

focus on improving electrolyzer tech-

nology that can make hydrogen more

affordable. Thus, electrolyzers must

be optimized toward parameters that

significantly affect the real practical bar-

riers for hydrogen production, which

are (1) energy efficiency, (2) lifetime,

(3) capital costs, (4) resource availabil-

ity, (5) operational flexibility (e.g.,

start-up time and minimal and maximal

power consumption), (6) recyclability,

(7) maintenance, (8) hydrogen purity,

and (9) hydrogen pressure. These pa-

rameters can be improved by opti-

mizing the balance of plant, operating

conditions (i.e., temperature and cur-

rent density), catalysts, diaphragm or

membrane separators, and electro-

lytes. Using seawater as the electrolyte

inhibits precise electrolyte optimiza-

tion, which has been shown to be

crucial for efficiency and lifetime.9,11 It

would be miraculous if seawater were

the optimal electrolyte for all of these

parameters, and we note again that

seawater varies depending on location

and season. Furthermore, optimizing

one parameter involves trade-offs

for other design goals. For example,

increasing catalyst loading leads to a

better lifetime but will increase capital

costs and could negatively impact the

availability of critical metal resources.

Focusing on the complexities involved

in DSE (which, under the best circum-

stances, can only result in negligible im-

provements to cost and durability) will

significantly detract from advancing

the high-purity-water-fed electrolyzer

design needs.
Demonstrated DSE technologies

are unsuitable for green hydrogen

production

In this section, we discuss two prominent

DSE approaches to show the conse-

quences of a focus on DSE instead of on

innovations that improve significant per-

formance metrics. In the first approach,

water-selective membranes are applied

around the electrolysis stacks to supply

pure water to the electrolyzer from sur-

rounding seawater.3 In contrast to reverse

osmosis, nopump is required, asdifferent

driving forces, such as osmotic pressure,

are utilized. Themost prominent example

of DSE using awater-selectivemembrane

was published in 2022.3 News outlets

described it as a ‘‘groundbreaking

achievement’’ and ‘‘milestone’’ that

avoids ‘‘cumbersome, land-intensive,

and costly’’ desalination, and it was listed

asoneof the top ten scientific advancesof

2022 by China’s Ministry of Science and

Technology.12 From our point of view,

this approach is inventive and marks a

substantial step forward in the develop-

ment of DSE. However, this does not

change the fact that DSE lacks real-world

potential and consumes funding re-

sources that are limited and designated

for societal impact. The water-selective

membrane DSE approach uses almost 2

m2 of a hydrophobic, porous, polytetra-

fluoroethylene-based,waterproof,breath-

able membrane between the seawater

and the electrolyzer, which is filled with

30 wt % aqueous KOH. These 2 m2

membranes provide around 11 L of pu-

rified water for the electrolyzer per

day. In comparison, a 2 m2 membrane

in a conventional single-pass reverse

osmosis setup can provide approxi-

mately 5,000 L of purified water daily.13

Thus, the DSE approach uses substan-

tially more membrane material,

increasing the capital costs and environ-

mental footprint compared to a conven-

tional electrolyzer with a reverse

osmosis unit.

There are numerous other drawbacks to

the water-selective membrane electro-

lyzer approach. Notably, the system
design and conditions are strongly

restricted, as water migration and con-

sumption must be balanced to maintain

the optimal electrolyte concentration.

Thus, the temperature and current den-

sity cannot be changed easily. In addi-

tion, the membrane can operate only

at up to 7.5 bar, making the production

of pressurized hydrogen infeasible.

Further, the large polytetrafluoroethy-

lene-based membrane area in contact

with seawater is prone to biofouling.

We also note that platinum is used for

the alkaline electrolyzer, and most

significantly, the device’s energy con-

sumption (2.3 V at 400 mA cm�2) is

25% more than that of state-of-the-art

electrolyzers (<1.8 V at 400–2,000 mA

cm�2).2,9,14 The lower efficiency is likely

caused by the restrictions in the reac-

tion conditions (e.g., temperature)

caused by the integrated membrane

design. These substantial disadvan-

tages are enormously larger than add-

ing an inexpensive water desalination

and purification step, which increases

the energy consumption by a negligible

amount, e.g., from 50 kWh per kg H2

to, at most, 50.05 kWh per kg H2.

The other approach that received even

more public interest is a report from

2023.4 Therein, a Lewis acid layer is intro-

duced to the catalyst to produce hydroxyl

anions locally, and the noble-metal-

free electrochemistry setup is directly

exposed to seawater. The approach is

brilliant and inventive, considering the

tremendous challengesofDSE.However,

the performance parameters reveal its

real-world incompatibility. The electro-

lyzer deactivates in the first few hours,

even at 25�C, by more than 100 mV,

reaching a current density of 500 mA

cm�2 at 2.15 V. Thus, this electrolyzer re-

quires around 20% more energy than a

conventional proton-exchange mem-

brane electrolyzer (<1.8 V at 400–2,000

mA cm�2).2,9,14 Furthermore, even when

it is operated at a constant current den-

sity, its hydrogen evolution reaction fara-

daic efficiency is only 93%, compared to

around 99% in commercial high-purity
Joule 8, 2427–2448, September 18, 2024 2439



Figure 2. Focusing on the development of direct seawater electrolysis misspends limited funding

resources

We stand at a crossroads with two pathways for the development of electrolyzers. The red path

leads into the boulder field of direct seawater splitting and follows the ‘‘broad-brush arguments’’ in

favor of direct seawater electrolysis and partly misspends limited resources, such as funding or

workforce (represented as the truck’s fuel), on the development of direct seawater electrolysis (500

publications in 2023; see Note S1), a technology that techno-economic analyses (see Note S4) have

clearly shown to have no significant potential to improve electrolyzer performance (represented as

altitude). The development of direct seawater electrolysis is symbolized as a field of boulders

leading to no increase in altitude. The blue path follows the ‘‘techno-economic analyses’’ and

focuses resources on improving parameters relevant to electrolyzer performance and final green

hydrogen price. Thus, it omits the misspending on DSE, leading to better electrolyzer performance

in 2050.
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electrolyzers,15 resulting in another 7%

energy-to-hydrogen-efficiency decrease.

These disadvantages are immense

compared to saving�0.1% of the energy

and <USD $0.02 per kg H2 of the overall

costs by adding a water purification

unit, and they show how electrolyzer

design with a focus on DSE leads to the

development of technologies with dimin-

ished real-world applicability.
Public resources must be spent

following techno-economic

analyses and fundamental

thermodynamic laws

We have limited resources to develop

electrolyzers, and those public re-

sourcesmust be spent toward achieving

societal goals following logical guid-

ance provided by techno-economic an-

alyses and fundamental laws of thermo-

dynamics (i.e., seawater desalination

requires 0.03% of the total energy

required for water splitting). The

choices between this path and one
2440 Joule 8, 2427–2448, September 18, 2024
that pursues DSE are represented in

Figure 2. Academic research does not

always have to lead to immediate real-

life applications, and we do not intend

to stop blue-skies research if it is not

promoted as a real-world solution, as

is often done for DSE. However, if we

spend substantial resources pursuing

the current DSE hype (500 publications

in 2023, with exponential growth; see

Note S1), we will miss opportunities for

attaining electrolyzers with improved

lifetime, capital cost, and efficiency.

Misinformation fuels the DSE hype

Even though adding a seawater purifi-

cation step before electrolysis has a

negligible influence on the cost of

hydrogen (Figure 1), the hype sur-

rounding the development of DSE con-

tinues. This hype is fueled by ignoring

the straightforward techno-economic

details and focusing on misleading

broad-brush arguments (Figure 2). For

example, the leading author of the
aforementioned DSE report using a

Lewis acid layer claimed that ‘‘we have

split natural seawater into oxygen

and hydrogen with nearly 100% effi-

ciency.’’16 Obviously, such a statement

creates tremendous public interest

and can lead to increased attention

and funding for DSE. However, this

claim is, at best, strongly misleading,

as their device efficiency was only

around 53%, compared to up to 79%

if separate water purification and high-

performing commercially available wa-

ter electrolysis were used (see Note S5

for the efficiency calculations).2,9,14

Furthermore, it is stated in the afore-

mentioned report using a water-selec-

tive membrane electrolyzer approach

that water purification ‘‘requires addi-

tional energy input, making it econom-

ically less attractive.’’3 However, the

additional energy input is �0.1% and,

thus, economically insignificant. More-

over, DSE scientists constantly claim

that large-scale hydrogen production

would threaten freshwater supplies,

while the opposite is true, as shifting

from our current fossil-fuel-based sys-

tem to a hydrogen economy would sub-

stantially reduce our water demand, as

has been discussed intensively else-

where.6,7,17 Furthermore, fresh water

is not scarce when electricity and

seawater are available, as it can easily

be obtained through reverse osmosis

for a price of approximately USD

$0.001 per liter.6–8

Other recurring statements in favor of

DSE assert that desalination plants have

high capital costs or make the electrolysis

system less flexible.3,5 However, the cap-

ital costs of the purification system add

only around USD $0.005 to the overall

hydrogen cost per kg (see Note S3), and

the purified water can easily be stored in

tanks, making the system flexible. These

statements from electrochemists andma-

terials scientists working on DSE likely

originate from a lack of knowledge of

desalination technologies. We agree

that developing new materials and

electrodes for more impurity-resistant
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electrolyzers is meaningful, as this can

extend electrolyzer lifetime and might

slightly reduce the substantial balance of

plant costs (see Note S6 for the cost con-

tributions of water purification to the bal-

ance of plant).6,9,10,14 Furthermore, ad-

vancements that enable the use of water

with slightly lower purity than ASTM

Type II water could eliminate several pol-

ishing steps, simplifying water treatment

prior to electrolysis. In this regard, a sin-

gle-pass reverse osmosis step can already

remove >99% of seawater impurities and

comes with almost no additional energy

and capital costs, space requirements, or

flexibility loss with respect to electrolysis.

We anticipate that this commentary

will close the knowledge and communica-

tion gap between research communities

with different scientific backgrounds

that contribute to the advancement of

green hydrogen, as its authors combine

techno-economic, electrochemical, ma-

terials, and water purification expertise.

Conclusion

Seawater purification prior to electrolysis

is inexpensive and straightforward. Thus,

DSE remains a solution looking for aprob-

lem.8 We do not suggest that DSE

devices cannot be developed, and we

acknowledge the high scientific quality

of reports on the topic. However, we

assert that the techno-economic disad-

vantages outweigh the minimal possible

savings from DSE. In this regard, to put it

into an electrochemist’s perspective,

omitting seawater purification brings, at

most, the energy-saving equivalent of an

overpotential reduction by 0.002 V.

Simultaneously, DSE faces tremendous

challenges, and designing an electrolyzer

with a focus onmeeting those leads to re-

striction (e.g., in electrolyte or membrane

design) andcomeswith trade-offs for real-

world-relevant application metrics (e.g.,

lifetime, capital costs, and energy-to-

hydrogen efficiency). Thus, while DSE

contributes to blue-skies research, ex-

tending theDSEhype throughpromoting

it as a real-world solution misspends the

limited resources needed to develop

effective decarbonization technologies.
Scientists, journalists, and the public have

been presented with misleading argu-

ments in favor of DSE, which we have sys-

tematically exposed with this commen-

tary. The conclusions presented herein

are also in line with the reports of the

most reputable agencies, such as the In-

ternational Energy Agency, which states

that ‘‘[water desalination by reverse

osmosis] has only a minor impact on

the total costs of water electrolysis,

increasing total hydrogen production

costs by USD $0.01–0.02/kg H2,’’
2 and

the International Renewable Energy

Agency, which asserts, ‘‘Water use is no

barrier to scaling up electrolysis. Even

in places with water stress, seawater

desalination can be used with limited

penalties on cost [USD $0.01/kg H2] or

efficiency.’’18 We anticipate that this

commentary will show editors, funding

agencies, electrochemists, and materials

scientists that vague arguments in sup-

port of DSE clash with the results of care-

ful techno-economic analyses and that

focusing efforts on developing DSE in

the name of mitigating climate change

can actually impede decarbonization

efforts.
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Introduction

Studies on zinc-ion batteries (ZIBs) are

typically conducted under controlled

conditions, and researchers have at-

tempted to report reversibility of zinc

anodes by optimizing the experimental

conditions to obtain high Coulombic

efficiency (CE).1–5 Although CE is

widely used to evaluate the reversibility

of zinc anodes, primarily because elec-

trochemical tests do not differentiate

between electrons provided by main

or side reactions, the statistics of CE

may be biased.6–8 Therefore, a precise

method is required for evaluating the

reversibility of zinc anodes in ZIBs. In

this study, we used Zn||Cu half-cells as

a platform to explore the reversibility

patterns of a zinc anode and its CE in

terms of rate, areal capacity, electrolyte

dosage, and zinc utilization ratio (ZUR)

(Note S1; Figures S1 and S2).
Zinc-anode reversibility under

different conditions

Rate

In ZIBs, zinc deposition is affectedby irre-

versible side reactions, including chemi-

cal and electrochemical side reactions.

Chemical side reactions are spontaneous

and time dependent. When a battery is

operated for a long duration, these irre-

versible side reactions accumulate. Elec-

trochemical side reactions are irrevers-

ible reactions affected by the electric

field inside the battery. At high current

density, or high rate, these reactions

accumulate with each cell cycle. At a

low rate, chemical side reactions are the

main factor influencing the performance

of batteries. By contrast, at a high rate,

the time required for a single cycle is

shorter, and electrochemical side reac-

tions are predominant.

Figure 1A depicts the average cycle life

and CE of a battery operated at different

rate with an areal capacity of 3

mAh cm�2 (Note S1; Figure S1). When

the rate is increased from 0.05 to 1 C,

the number of cycles also increases.

However, when the rate exceeds 1 C,

the cycle life of the battery starts to
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