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Broader context

Over 12% efficiency solar-powered green
hydrogen production from seawatert

Xuanjie Wang,®® Jintong Gao, Yipu Wang, € ¢ Yayuan Liu, (2 *® Xinyue Liu () *>¢
and Lenan Zhang () *a¢

Solar-powered water electrolysis holds significant promise for the mass production of green hydrogen.
However, the substantial water consumption associated with electrolysis not only increases the cost of
green hydrogen but also raises critical concerns about accelerating water scarcity. Although seawater
can serve as an infinite water supply for green hydrogen production, its complex composition poses
substantial challenges to efficient and reliable electrolysis. Here, we demonstrate a high-efficiency solar-
powered green hydrogen production from seawater. Our approach takes advantage of the full-spectrum
utilization of solar energy. Photovoltaic electricity is used to drive the electrolysis, whereas the waste
heat from solar cells is harnessed to produce clean water through seawater distillation. With natural
sunlight and real seawater as the sole inputs, we experimentally demonstrate a 12.6% solar-to-hydrogen
conversion efficiency and a 359 L m™2 h™! production rate of green hydrogen under one-sun
illumination, where additional 1.2 L m™2 h™! clean water is obtained as a byproduct. By reducing reliance
on clean water and electricity supplies, this work provides a fully sustainable strategy to access green
hydrogen with favorable energy efficiency and technoeconomic feasibility.

Hydrogen produced by renewable energy through water electrolysis is known as green hydrogen, which plays a vital role in deep decarbonization of hard-to-

abate sectors. Sustainable development of green hydrogen technologies is limited by significant water consumption, because producing one kilogram of

hydrogen at least requires nine kilograms of water. Considering that two thirds of global population is facing severe water scarcity, producing green hydrogen
by consuming clean water poses a critical challenge at the water-energy nexus toward sustainability. Here, we leverage the most abundant and accessible

resources on the Earth, natural sunlight and seawater, to unlock a sustainable pathway: ‘‘seawater + sunlight = green hydrogen + clean water”. Our approach

relies on full-spectrum utilization of solar energy, where photovoltaic electricity is used to produce hydrogen through electrolysis and photothermal energy is

harnessed to purify seawater through distillation. We demonstrate the potential of our approach using a hybrid solar distillation-water electrolysis (HSD-WE)
device, where over 12% solar-to-hydrogen conversion efficiency was achieved with additional 1.2 L m > h™* clean water as a byproduct. By exploiting the full

potential of solar energy and seawater, our approach reduces the reliance on clean water and electricity supplies, promising sustainable green hydrogen
production with high efficiency and low cost.
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Introduction

Green hydrogen, a clean alternative to fossil fuels, plays an
increasingly important role in realizing deep decarbonization
1-4
Solar energy is a carbon-neutral source of electricity, which has
been recognized as a promising means to power water electro-
514 However, in addition
to electricity, conventional electrolysis also requires a consider-
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producing one kilogram of hydrogen requires at least nine
kilograms of water. To meet the increasing demand for green

. 1 . .
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ hydrogen in 2050 (> 500 Mt)v water electrolysis will consume
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more than 4.5 trillion liters of clean water per year, equal to the
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annual drinking water demand of more than 3.5 billion people. A recent advance by introducing in situ water purification
Considering that four billion people are experiencing severe into an electrolyzer has provided a promising pathway to
water shortage,'® limited access to sustainable and reliable harness seawater by combining the advantages of both direct
clean water supplies has become one of the major bottlenecks and indirect seawater electrolysis technologies.>®> With a
to the worldwide adoption of green hydrogen technologies membrane distillation driven by the vapor pressure difference
through electrolysis."®™"° between alkaline electrolyte and seawater, clean water can be
Seawater, on the other hand, is one of the most abundant directly supplied to the electrolyzer to facilitate continuous
and accessible resources on our planet, which can be an evolution of green hydrogen. As a result, this technique not
infinite water supply for solar-powered green hydrogen only avoids the direct contact between seawater and electro-
production.”*>* Despite the huge potential, directly splitting catalysts but also enables an all-in-one approach without the
natural seawater can be particularly challenging due to its installation of external desalination and deionization facilities.
complex composition. As a result, state-of-the-art electrocata- Despite the significant progress, this approach can be inher-
lysts for direct seawater electrolysis typically exhibit limited ently limited by the water production rate due to the low vapor
activity and stability due to severe fouling and corrosion, pressure difference across the membrane. More importantly, it
impeding its immediate implementation to meet the urgent is still unclear how to adapt the in situ water purification
need for green hydrogen.>*™>® Alternatively, indirect seawater strategy to solar-powered green hydrogen and achieve the
electrolysis, which integrates a conventional electrolyzer with optimal solar-to-hydrogen (STH) efficiency.
external seawater desalination and subsequent deionization, In this work, we demonstrate a solar-powered approach to
can be a more reliable and practical strategy. Although produce green hydrogen directly from seawater with high STH
seawater desalination, such as reverse osmosis, has become a efficiency and low cost. This method takes advantage of the full-
mature technology to produce water with very high energy spectrum utilization of solar energy by combining photovoltaic
efficiency,”>° producing high-purity water to meet the standard (PV) and photothermal (PT) effects (Fig. 1a). High-energy
of electrolysis requires further deionization, which induces addi- photons are converted to electricity through a PV panel to drive
tional energy consumption and considerable cost for installation electrolysis, whereas the rest of the absorbed solar energy is
and operation.*® Furthermore, the maximum hydrogen productiv- converted to heat to produce clean water through interfacial
ity of indirect seawater electrolysis is fundamentally limited by the thermal distillation. By exploiting the full potential of waste
capacity of seawater desalination. The rapidly increasing demand heat produced by the PV panel, we achieve in situ water
of green hydrogen has posed a huge pressure on existing desalina-  purification to address the critical fouling and corrosion of
tion facilities, where most of the produced water is now used for electrodes without consuming electricity. All electricity pro-
living purposes and agriculture operations.'>*' 3 duced by the PV panel is used for electrolysis, promising a
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Fig. 1 Solar-powered green hydrogen production from seawater. (a) Full-spectrum utilization enabling in situ water purification and uncompromised
electricity production. High-energy photons above the band gap of photovoltaic (PV) panels are converted to electricity (green shadow), whereas waste
heat produced by the PV panel due to the photothermal (PT) effect (yellow shadow) is used to purify seawater through interfacial thermal distillation.
Electricity produced by the PV panel is used to power hydrogen production with PT distilled water fed into the electrolyzer. (b) Schematic of the hybrid
solar distillation—water electrolysis (HSD-WE) device. An interfacial thermal evaporator is integrated on the backside of the PV panel to enable PV cooling
and in situ water purification. A unidirectional flow driven by the siphon effect is introduced into the evaporator to avoid salt accumulation. The
evaporator and electrolyzer are separated by an air gap, which avoids the direct contact between seawater and electrocatalysts. Distilled vapor directly
condenses on the anode side and feeds into the electrolyzer. With electricity produced by the PV panel, hydrogen is generated from the cathode of the
PEM electrolyzer. Latent heat released during condensation is transported to the electrolyzer, which elevates the temperature and increases the
efficiency of electrolysis.
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high STH efficiency toward the fundamental limit dictated by
the solar-to-electricity conversion. More notably, owing to the
passive operation nature, we can minimize the cost associated
with water purification and electricity supply, which contri-
butes primarily to the operational expenditure (OPEX) of exist-
ing water electrolysis.>*™*° To prove our concept, we developed a
hybrid solar distillation-water electrolysis (HSD-WE) prototype,
which integrates a proton exchange membrane (PEM) electro-
lyzer with a PV panel and an interfacial thermal distillation
device. With natural sunlight and seawater as the sole inputs,
we demonstrate green hydrogen production with 12.6% STH
efficiency using a 17.3% efficiency silicon (Si) PV panel. Under
one-sun illumination (1000 W m™?), we achieved a 359 L m >h™"
production rate of dry hydrogen with 1.2 L m~2 h™* distilled water
continuously fed into the PEM through interfacial thermal distilla-
tion. Due to the simple architecture and solar-powered passive
operation, the technoeconomic analysis shows that the cost of
green hydrogen production with our approach is expected to be $5
per kg with threeyear operation and $1 per kg with 15-year
operation.

Results and discussion
Design of the hybrid solar distillation-water electrolysis device

Fig. 1b shows the working principle of the HSD-WE device,
which harnesses natural sunlight and seawater and produces
clean water and green hydrogen. A PV panel is facing the solar
illumination, converting solar energy to electricity and heat. An
interfacial thermal evaporator is attached to the backside of the
PV panel. The evaporator has a wicking structure, enabling a
passive supply of seawater due to the capillary effect. Waste
heat is transferred from the PV panel to the evaporator, driving
the seawater distillation. The evaporator and PEM electrolyzer
are separated by an air gap, which avoids the direct contact
between seawater and electrocatalysts to minimize fouling and
corrosion while allowing the distilled vapor to transport from
the evaporator to the electrolyzer. Purified water is fed into the
anode of the electrolyzer through vapor condensation. Mean-
while, electricity produced by the PV panel is supplied to the
electrolyzer to drive hydrogen production from the cathode.
In addition to the general working principle, we discuss four
key features that facilitate high STH efficiency and reliable
operation of the HSD-WE device. Firstly, the interfacial thermal
evaporator not only enables seawater distillation but also
provides efficient cooling for the PV panel (@ in Fig. 1b), which
reduces the temperature of the PV panel and increases the
solar-to-electricity conversion efficiency. Secondly, the compact
integration of the interfacial thermal evaporator and electro-
lyzer enables in situ water purification without the need of
external water treatment, collection, and transportation facil-
ities (@ in Fig. 1b). More notably, compared with the low vapor
pressure difference between seawater and electrolyte shown in
the recent in situ water purification approach (<3 kPa),*® the
thermal effect can create a much larger vapor pressure differ-
ence (>10 kPa), facilitating a higher production rate of distilled
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water. Thirdly, since vapor condensation directly occurs on the
anode, the latent heat due to the vapor-to-liquid phase change
is released to the electrolyzer to elevate the operating tempera-
ture and improve the efficiency of hydrogen production (® in
Fig. 1b). Finally, to mitigate salt accumulation and potential
fouling inside the interfacial thermal evaporator, we introduced
a unidirectional flow across the evaporator to accelerate salt
rejection through convection (Fig. 1b). The unidirectional flow
is driven by the siphon effect, where no pumping power is
required. The effectiveness of unidirectional flow in salt rejec-
tion has been demonstrated in recent studies.*'"*> Therefore,
we highlight that such a hybrid design can bring significant
additional benefits to further enhance solar-to-electricity (i.e.,
PV cooling) and water-to-hydrogen conversion (i.e., condensa-
tion heating), which cannot be achieved by simply combining
PV panels, water purification facilities, and electrolysis devices.

Fig. 2a shows the detailed design of the HSD-WE device,
which comprises a silicon (Si) PV panel (passivated emitter and
rear contact solar cells), an interfacial thermal evaporator
(capillary wick), a polycarbonate spacer, bipolar plates (BPs),
gas diffusion layers (GDLs), a PEM, gaskets, a heat sink, and an
end plate (Note S.1, ESIT). These components were stacked into
a compact assembly (Fig. 2b). The top surface of the HSD-WE
device had an area of 10 x 10 cm?, whereas the total solar
absorption area of the PV panel was 7 x 7 cm?. A polycarbonate
spacer with an inner aperture area of 5 x 5 cm” was used to
create a 1.5 cm air gap between the interfacial thermal eva-
porator and the BP of the anode side. Different from conven-
tional BPs, we note that the BP of the anode side also acted as a
condenser and a heat sink, which plays a critical role in
distilled water feeding and thermal management of the HSD-
WE device. Specifically, the BP of the anode side was an L-
shaped stainless steel plate with multiple parallel slots (5 cm in
length and 1 mm in width) through the surface facing the
evaporator (Fig. 2a). Vapor condensation occurred on the BP.
Distilled water can directly flow through the slots and wet the
GDL. Meanwhile, the latent heat released during condensation
was conducted to the PEM through the BP, raising the tem-
perature of electrolysis. The rest of the heat was dissipated
through the heat sink to avoid overheating the entire device,
which is detrimental to the solar-to-electricity conversion of the
PV panel. The PEM was sandwiched by two titanium GDLs. The
active regions of the PEM were coated with platinum- (on the
cathode side) and iridium-based (on the anode side) electro-
catalysts. Both GDLs and the active regions of the PEM have an
area of 5 x 5 cm”.

We first performed characterizations on each key compo-
nent of the HSD-WE device and quantified the impacts of
evaporation, unidirectional flow, and temperature rise on PV
cooling, salt rejection, and electrolysis, respectively. Fig. 2c
shows the current-voltage (I-V) curves of PV panels with (red
curve) and without (blue curve) evaporative cooling. In each PV
panel, there were four identical solar cells connected in a series
circuit (Fig. 2b and Note S.1, ESIt). Two identical PV panels
were prepared and placed under ambient conditions. An inter-
facial thermal evaporator containing seawater was attached to

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Design and characterization of the HSD-WE prototype. (a) Structure of the HSD-WE device. The PV panel, capillary wick, polycarbonate spacer,
BPs, GDLs, PEM, gaskets, heat sink, and end plate are integrated into a compact assembly. (b) Optical image of a fully assembled HSD-WE device.
(c) Effect of evaporative cooling on the current—voltage (/-V) responses of PV panels (A = 49 cm?). Blue curve: /-V curve of the PV panel directly exposed
to ambient air without evaporative cooling. Red curve: |-V curve of the PV panel with evaporative cooling. (d) Schematic of the experimental setup to
initiate unidirectional flow across the interfacial thermal evaporator. The reservoir at the inlet was elevated by h = 6 cm above the reservoir at the outlet to
induce the siphon effect. Salinity increased along the flow direction and reached the maximum at the outlet. (e) Salinity of the outlet reservoir as a
function of time. Real seawater concentrated to different salinities was used in the measurements. Blue curve: 3.5 wt% seawater filled in the inlet
reservoir. Red curve: 10.5 wt% concentrated seawater filled in the inlet reservoir. (f) Time-lapse images of the conventional capillary wick during
continuous distillation of 10.5 wt% concentrated seawater. The right side of the evaporator was connected with the inlet of the saline reservoir, whereas
the left side was a dead end. (g) Time-lapse images of the interfacial thermal evaporator with unidirectional flow during continuous distillation of 10.5 wt%
concentrated seawater. The right and left sides of the evaporator acted as the inlet and outlet of the unidirectional flow, respectively. No salt
crystallization was observed in the evaporator throughout the ten-hour continuous operation. (h) Polarization curves of the PEM electrolyzer
(A = 25 cm?) at representative temperatures. Grey dashed line: the PEM electrolyzer performance at 1.65 V, where a significant increase of the current

from 278 mA to 495 mA was observed when elevating the operating temperature from 23 °C to 60 °C.

the backside of one of the PV panels, whereas the backside of
the other PV panel was directly exposed to ambient air (Note
S.2, ESIY). A solar simulator was used to provide a uniform solar
flux. Under one-sun illumination, we measured the tempera-
ture rise and I~V curves of these two PV panels using thermo-
couples (T-type) and a potentiostat, respectively. A significant
cooling effect was observed, where the steady-state temperature
of the PV panel with the interfacial thermal evaporator (40.9 °C)
was much lower than that of the PV panel directly exposed to
ambient air (55.5 °C) (Fig. 2c and Note S.2, ESIt). The cooling
performance is comparable to that demonstrated in state-of-
the-art evaporation-based PV cooling approaches.”*™*> As a
result, the solar-to-electricity conversion efficiency at the max-
imum power point (MPP) increased from 15.1% (blue curve in

This journal is © The Royal Society of Chemistry 2025

Fig. 2¢) to 17.3% (red curve in Fig. 2¢), which is essential to
achieve a high STH efficiency.

To ensure reliable thermal distillation without salt accumu-
lation, we tested the salt rejection performance with unidirec-
tional flow (Note S.3, ESIt). Fig. 2d shows the experimental
setup consisting of a PV panel with an interfacial thermal
evaporator on the backside. The inlet and outlet of the capillary
wick were inserted into two reservoirs, respectively, which
contained the saline and collected the brine discharge. To
induce the siphon effect, the saline reservoir was placed 6 cm
above the brine reservoir (2 = 6 cm in Fig. 2d). Driven by the
hydraulic head between two reservoirs, there was a unidirec-
tional flow from the inlet to the outlet, carrying the accumu-
lated salt out of the evaporator. Along the flow direction,

Energy Environ. Sci., 2025, 18, 5264-5276 | 5267
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salinity was building up and reached the maximum at the
outlet (Fig. 2d). To mitigate salt fouling due to crystallization,
it is critical to ensure the highest salinity within the evaporator
much lower than the saturation salinity (i.e., ~26 wt%). We
performed seawater distillation and measured the salinity at
the outlet of the evaporator. Real seawater (3.5 wt% salinity)
with complex composition was used in our experiments. The
salinity was measured using a digital refractometer. Fig. 2e
shows the salinity at the outlet as a function of time. For
seawater distillation (blue curve in Fig. 2e), there was a slow
increase of salinity from 3.5 wt% to 5 wt% during the first five-
hour operation. After the fifth hour, the salinity at the outlet
became independent with time, indicating a steady state. No
salt crystallization was observed because the highest salinity
(5wt%) at the steady state was much lower than the saturation
salinity (26 wt%). To understand the salt rejection performance
in a more extreme condition, we further concentrated the
seawater to 10.5 wt%, reaching the salinity level of waste
brine.*®*” Similar to the seawater distillation test, the salinity
at the outlet showed a slow increase first and then reached the
steady state at 15 wt% (red curve in Fig. 2e), which was still far
away from the saturation salinity (26 wt%). We note that the
salinity at the beginning of our test was slightly lower than
10 wt%, because the capillary wick was rinsed using 3.5 wt%
seawater before the experiment. To further highlight the sig-
nificance of unidirectional flow to achieve reliable distillation,
we compared salt rejection performance with and without
introducing the unidirectional flow. Fig. 2f shows the time-
lapse images of a conventional capillary wick evaporator,*®*°
where the right side was the inlet connected with the saline
reservoir (10.5 wt%), while the left side was a dead end. To
achieve better imaging contrast, a black capillary wick was
adopted in this test. Salt crystallization was observed near the
dead end with only a 1.5-hour operation (dashed line in Fig. 2f).
After a seven-hour operation, salt crystals covered half of the
evaporator, inducing significant fouling. In contrast, no salt
crystallization was found on the evaporator throughout a ten-
hour operation when the unidirectional flow was initiated
(Fig. 2g). Combined with the salinity test (Fig. 2e), we can
confirm that our interfacial thermal evaporator is capable of
distilling highly concentrated waste brine without salt
crystallization.

Fig. 2h shows the polarization curves of the PEM electrolyzer
at different operating temperatures, where deionized (DI) water
was used in the measurement. The polarization curves were
measured using a sourcemeter and the temperature of feed
water was increased from 23 °C to 60 °C (Note S.4, ESIf). A
moderate increase in temperature led to substantial enhance-
ment of electrolysis performance. For example, when raising
the operating temperature from 23 °C to 40 °C, the current at
1.65 V increased from 278 mA to 384 mA (grey dashed line in
Fig. 2h), leading to a 38% increase in the hydrogen production
rate. Moreover, when the operating temperature increased to
60 °C, the current reached 495 mA, resulting in a 78% increase
in the hydrogen production rate compared to the room tem-
perature operation. These results indicate that if a similar
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temperature rise can be achieved through condensation heat-
ing, considerable improvement in STH efficiency can be
expected. We further performed a controlled experiment to
directly quantify the impact of condensation heating on elec-
trolysis performance (Note S.5, ESIt). The results demonstrated
that condensation heating resulted in a more than 15 °C rise in
PEM electrolyzer temperature and a 9.4% increase in the
hydrogen production rate.

Modeling and optimization

In addition to the design of each component, system-level
optimization is of equal importance, as mismatches among
components can result in significant energy losses. In particu-
lar, the PV panel and PEM electrolyzer have distinct I-V
characteristics, where their coupling dictates the amount of
electricity that can be extracted for electrolysis. For a fixed PEM
electrolyzer and a constant total solar absorption area, the
coupling between the PV panel and PEM electrolyzer can be
tuned by changing the number of solar cells in a series circuit
connection. Fig. 3a shows a schematic illustration of the
coupling between the PV panel and PEM electrolyzer, where
the intersection of the corresponding I-V curves determines the
operation state of the HSD-WE device. For example, when the
number of solar cells within the PV panel (N; in Fig. 3a) is too
low, despite the high short circuit current, the current at the
intersection point (A in Fig. 3a) can be very low, leading to
minimum electricity supplied from the PV panel to the PEM
electrolyzer (red shadow in Fig. 3a). However, by varying the
number of solar cells (N, in Fig. 3a), the intersection point (B in
Fig. 3a) can be optimized, resulting in a substantial increase in
electricity extraction for electrolysis (blue shadow in Fig. 3a).
We performed theoretical modeling to optimize the cou-
pling between the PV panel and PEM electrolyzer. Our model
took the I-V characteristics of the PV panel and PEM electro-
lyzer as the inputs and calculated the STH efficiency of the
HSD-WE device (Note S.6, ESIt). Fig. 3b shows the calculated
STH efficiency as a function of the number of solar cells within
the PV panel. Three modeled Si PV panels with 15%, 17.3%,
and 20% solar-electricity conversion efficiencies at the MPP
were considered in our analysis (Note S.6, ESI{). The STH
efficiency in our calculation was based on the higher heating
value (HHV) (Note S.7, ESIt).>'"*” With the increase of the
number of solar cells, the STH efficiency first increased and
then decreased, resulting in a peak value when the number of
solar cells (N) is equal to four. The initial increase trend when N
< 4 can be attributed to the increase of open circuit voltage of
the PV panel, which makes the intersection point move toward
the high-current region approaching the short circuit current.
The subsequent decrease in STH efficiency when N > 4 was
due to the reduced short circuit current, which limits the
maximum current supplied to the electrolyzer. Therefore, we
chose four solar cells with series circuit connection for our
design. With the 17.3% efficiency Si PV panel, our model shows
that the HSD-WE device can reach 12.7% STH efficiency (red
curve in Fig. 3b), where the 4.6% efficiency difference can be
attributed to the energy loss within the PEM electrolyzer. In

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 System-level optimization of the coupling between the PV panel and PEM electrolyzer. (a) Schematic current—voltage (/-V) responses of the PV
panel and PEM electrolyzer. For the same solar absorption area, increasing the number of solar cells in series circuit connection reduces the short-circuit
current while increasing the open-circuit voltage, which changes the intersection point (A and B) of the PEM electrolyzer polarization curve and the PV
panel /-V curve. Red and blue curves: PV panel /-V curves with small (N1) and larger (N,) numbers of solar cells in series circuit connection, respectively.
Yellow curve: PEM electrolyzer polarization curve. (b) STH efficiency as a function of the number of solar cells. The STH efficiency was calculated based
on the higher heating value (HHV). With the increase of the number of solar cells, the STH efficiency first increases and then decreases, resulting in a peak
STH efficiency when the number of solar cells is equal to four. (c) STH efficiency as a function of the overvoltage of the PEM electrolyzer. The overvoltage
at 500 mA current was chosen as an indicator of the PEM electrolyzer performance. The STH efficiency shows a weak dependence on overvoltage when
it is less than 1V, leading to a design space as indicated in the green shadow.

general, for Si PV panels with efficiencies ranging from 15% to
20%, which could be induced by different operating tempera-
tures (Fig. 2c), the corresponding peak STH efficiencies can vary
from 10.9% to 13.9% (blue and yellow curves in Fig. 3b).

Our modeling further provided insights into the
proper selection of electrocatalysts for the HSD-WE device
(Note S.6, ESIT). Fig. 3c shows the theoretical STH efficiency
of the HSD-WE device as a function of the PEM electrolyzer
overvoltage. The PEM electrolyzer was powered by a PV panel
consisting of four solar cells. We chose the overvoltage value at
500 mA current condition, which is close to the short circuit
current of the PV panel (Fig. 2c), as an indicator to describe the
performance of the PEM electrolyzer, where a higher over-
voltage represents a larger energy loss associated with electro-
chemical conversion. The coupling between the PV panel and
PEM electrolyzer led to an interesting dependence of the STH
efficiency on overvoltage. Specifically, when the overvoltage at
500 mA was too high (>2 V), the total voltage required to power
the PEM electrolyzer became comparable to the open circuit
voltage of the PV panel (2.7 V). As a result, the polarization
curve intersected with the I-V curve of the PV panel at a point
with very low current, leading to an undesirable STH efficiency
(<3%). When the overvoltage was sufficiently high (>1 V),
even a slight reduction of overvoltage can lead to a substantial
increase of the STH efficiency. For example, by reducing the
overvoltage from 1.5 V to 1 V, the resulting STH efficiency
increased from ~6.5% to >10% when the PV panel efficiency
was 15% (blue curve in Fig. 3c). However, we note that the
benefit of pursuing lower overvoltage was diminishing when
the overvoltage at 500 mA was less than 1 V (green shadow in
Fig. 3c). For example, by further reducing the overvoltage from
1 V to 0V, the resulting STH efficiency only increased from
10.4% to 11.5% when the PV panel efficiency was 15% (blue
curve in Fig. 3c). Our modeling suggested that the performance
of electrocatalysts is not a bottleneck to the STH efficiency as

This journal is © The Royal Society of Chemistry 2025

long as the overvoltage at 500 mA is below 1 V (green shadow in
Fig. 3c), which can be achieved by existing electrocatalysts used
in PEM electrolyzers.”® As a result, we chose platinum- and
iridium-based electrocatalysts for the cathode and anode reac-
tions, respectively, which showed ~0.8 V overvoltage under
500 mA current (green dashed line in Fig. 3c).

Laboratory testing

The performance of the HSD-WE prototype was characterized
in a laboratory environment (Note S.8, ESIT). Fig. 4a shows a
schematic of the experimental setup. One-sun illumination was
provided by the solar simulator. The HSD-WE device was
horizontally placed on a table. Two reservoirs were used to
supply seawater and collect brine discharge, respectively. Real
seawater with 3.5 wt% salinity was used in our test. To initiate
the unidirectional flow for salt rejection, the reservoir contain-
ing seawater was lifted 6 cm using a lab jack (2 = 6 cm in
Fig. 4a). Two digital balances were used to measure the mass
changes of the seawater (Am, in Fig. 4a) and waste brine (Am,
in Fig. 4a) reservoirs, respectively. Due to the conservation of
mass, the amount of clean water production through interfacial
thermal distillation can be estimated from |Am,; + Amy,|. Three
T-type thermocouples were inserted into the HSD-WE device to
measure the temperature responses of the PV panel (T;), air gap
(T»), and PEM electrolyzer (T5), respectively (Fig. 4a). Another T-
type thermocouple was used to record the ambient temperature
(Tamb)- The cathode side of the PEM electrolyzer was connected
with a gas collection setup through tubing, where the amount
of hydrogen inside the cylinder was directly recorded using a
camera. Therefore, our experimental setup can measure the
hydrogen production rate and STH efficiency using two inde-
pendent approaches. On the one hand, the hydrogen produc-
tion rate and STH efficiency can be calculated from the current
at the intersection point of the PEM electrolyzer polarization
curve and the PV panel I-V curve (Note S.7, ESIt). On the other
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Fig. 4 Performance of the HSD-WE device in a laboratory environment. (a) Schematic of the experimental setup for the laboratory characterization. The
HSD-WE device was placed under a solar simulator. Two digital balances were used to measure the mass change of the inlet (Am;) and outlet (Am5)
reservoirs as a function of time. Hydrogen was collected by a cylinder using the water displacement approach. (b) Measured current—voltage (/-V)
response of the HSD-WE device. Blue curve: /-V curve of the PV panel with four solar cells in series circuit connection. Red curve: polarization curve of
the PEM electrolyzer when integrated with the interfacial thermal evaporator. Green shadow: total electricity that can be extracted for water electrolysis.
The corresponding HHV-based STH efficiency was 12.6%, according to the intersection point of /-V curves. (c) Temperature of the HSD-WE device as a
function of time. (d) Seawater distillation and hydrogen production performance of the HSD-WE device. Left axis: total mass change recorded by two
digital balances as a function of time, which represents the evaporation rate of seawater during interfacial thermal distillation. Right axis: wet (blue curve)
and dry (red curve) hydrogen collections as a function of time obtained from the water displacement approach. (e) Time-lapse images of continuous
green hydrogen production from the HSD-WE device. Water inside the gas collection cylinder was marked by the blue shadow. (f) Summary of STH
efficiencies of the HSD-WE device. The STH efficiency was determined from the intersection point of /-V curves, dry hydrogen collection, and wet
hydrogen collection. Both the HHV (blue bar) and Gibbs free energy-based (red bar) STH efficiencies were calculated.

hand, they can also be determined from the actual hydrogen
collection. If there is no leakage of hydrogen during collection,
results obtained from these two approaches should be consis-
tent with each other. During the test, electricity and water
required for the PEM electrolyzer were supplied by the PV panel
and interfacial thermal distillation, respectively. The operating
current and voltage were determined by the coupling between
the PV panel and the PEM electrolyzer.

5270 | Energy Environ. Sci., 2025, 18, 5264-5276

Fig. 4b shows the PEM electrolyzer polarization curve over-
lapped with the PV panel I-V curve of the HSD-WE device. The
coupling between the PV panel and PEM electrolyzer resulted in
an intersection point at ~2.07 V and ~417 mA (green spot in
Fig. 4b). Compared with the PEM electrolyzer performance
before integration (Fig. 2h), the overvoltage of the HSD-WE
device at the same current showed an increase, which can be
attributed to the additional ohmic resistance induced by the

This journal is © The Royal Society of Chemistry 2025
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customized BP and condenser (Fig. 2a). Nevertheless, the over-
voltage at the intersection point of the PEM electrolyzer polarization
curve and the PV panel I-V curve was still less than 1 V (green spot
in Fig. 4b). In fact, the intersection point was close to the MPP of
the PV panel, indicating an efficient extraction of electricity to
power the PEM electrolyzer (green shadow in Fig. 4b). According to
the current at the intersection point, we obtained a 12.6% HHV-
based STH efficiency of the HSD-WE device (Note S.7, ESIT). Fig. 4c
shows the transient temperature response of the HSD-WE device
during a 2.5-hour operation. The temperature of the PV panel
rapidly increased to 40 °C within 10 minutes and then gradually
reached a steady-state temperature of 50 °C (blue curve in Fig. 4c).
The air gap (red curve in Fig. 4c) and the PEM electrolyzer (yellow
curve in Fig. 4c) were heated sequentially, reaching 37 °C and 31 °C
at steady state, respectively. Despite a large thermal resistance of
the PEM electrolyzer, thanks to the evaporative cooling, the tem-
perature of the PV panel was maintained within a reasonable range
without overheating. In the HSD-WE device, the condensation
heating effect on the PEM electrolyzer was significantly stronger
than the Joule heating effect (Note S.9, ESIt). The increased
temperature of the PEM electrolyzer above the ambient tempera-
ture was primarily attributed to the condensation heating effect.
In addition to characterizing the I-V curves, we directly
measured the STH efficiency of the HSD-WE device from the
actual hydrogen collection. Fig. 4d shows the total mass change
of two digital balances (i.e., |Am; + Am,|) (yellow curve) and the
amount of hydrogen collection (blue and red curves) as a
function of time. The total mass change increased gradually
within the first ten minutes due to the transient temperature
response and then exhibited a linear dependence with time
after the thermal steady state was established, indicating a
constant rate of evaporation. With linear fitting, we obtained an
evaporation rate of ~1.2 L m~> h™', which was scaled by the
total solar absorption area. To validate the purity of the distilled
water, we measured the conductivity before and after solar
distillation (Note S.10, ESIt). The distilled water exhibited an
average conductivity of 3.646 + 1.614 uS cm™ ' through four
independent 10-hour distillation tests. This indicates that the
distilled water met the American Society of Testing Materials
(ASTM) standard of high purity water (<5 pS cm™'), which was
feasible for water electrolysis. The corresponding salinity of the
distilled water was 0.0002 £ 0.00008 wt% only, which was two
orders of magnitude lower than the World Health Organization
(WHO) standard for drinking water (200 mg L™"). Meanwhile,
notably, we measured a substantial hydrogen production
from the gas collection cylinder. Fig. 4e shows the time-lapse
images of hydrogen collection using the water displacement
approach, where water inside the cylinder was highlighted by
blue shadow to enhance the image contrast. The volume of
hydrogen within the cylinder linearly increased with time,
indicating a highly stable hydrogen production rate (Fig. 4d).
Throughout a 2.5-hour operation, ~450 mL hydrogen was
collected into the cylinder (blue curve in Fig. 4d and Video
S1, ESIT). With linear fitting, we obtained a hydrogen produc-
tion rate of ~188 mL h™", equivalent to 38.4 L m~> h™" by scaling
with the solar absorption area. We note that the hydrogen collected

This journal is © The Royal Society of Chemistry 2025
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through the water displacement approach is known as wet hydro-
gen because it contains a small amount of water vapor due to the
presence of the liquid-gas interface.”* We estimated the amount of
water vapor by calculating the saturation vapor pressure at ambient
temperature (Note S.8, ESIT). By excluding water vapor from the
total gas collection, we obtained the dry hydrogen collection as a
function of time (red curve in Fig. 4d), showing a production rate of
~176 mL h™" or 35.9 L m > h™" scaled by the solar absorption
area. To enable continuous hydrogen production at a rate of
359 Lm >h!, at least 27 mL m~2 h™" of clean water should be
supplied to the PEM electrolyzer. Owing to the high evaporation
rate (Le., ~1.2 L m > h™"), we note that the amount of clean water
produced by the interfacial thermal distillation is highly sufficient
to feed the PEM electrolyzer, where the remaining clean water
could be collected as a byproduct of the HSD-WE device. Further-
more, the long-term stability of the HSD-WE device was confirmed
through a cyclic test using seawater (Note S.11, ESIT). The HSD-WE
device exhibited a stable hydrogen production rate of 180 mL h™"
in each cycle.

Fig. 4f summarizes the STH efficiencies of the HSD-WE
device calculated based on different approaches (Note S.7,
ESIT). In addition to the intersection point of I-V curves, the
STH efficiency can also be determined from the hydrogen
production rate. The HHV-based STH efficiency estimated from
the production rate of dry hydrogen (35.9 L m > h™") shows an
excellent agreement with that obtained from the I-V curve
approach (12.6%), indicating negligible leakage during the
hydrogen collection. In fact, we note that the amount of dry
hydrogen shown in this work can be a conservative estimation
because we assumed the water vapor inside the gas collection
cylinder reached a saturation state, which could lead to an
overestimation of the amount of water vapor. To estimate the
upper bound of the STH efficiency, we calculated the STH
efficiency based on the production rate of wet hydrogen as well
(13.5% in Fig. 4f). With several independent approaches, we
confirmed that the HHV-based STH efficiency of the HSD-WE
device was above 12.5%. In addition to the HHV-based
STH efficiency, we also calculated the Gibbs free energy-based
STH efficiency (red bars in Fig. 4f), which is commonly used to
quantify the performance of electrolysis (Note S.7, ESIt). We
demonstrated over 10.5% Gibbs free energy-based STH
efficiency of the HSD-WE device. We note that the STH effi-
ciency demonstrated in our work (12.6%) is comparable to or
even higher than that of the state-of-the-art solar-powered
green hydrogen production techniques, such as Si PV electro-
lysis (~10%),"*>> photoelectrochemical water splitting
(~10%),7¢ and photocatalytic water splitting (~1%),>">°
which are fed by clean water, instead of seawater (Note S.12,
ESIt). Therefore, the HSD-WE unlocked an unprecedented
opportunity for solar-powered green hydrogen production,
i.e., achieving high STH efficiency (>10%) with seawater as
the input.

Outdoor testing

To further understand the performance of the HSD-WE device
under realistic weather conditions, we conducted an outdoor
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experiment on a partly sunny day (August 5, 2024). Fig. 5a
shows the experimental setup, which was installed on a rooftop
at the MIT campus (Cambridge, MA, USA). The HSD-WE device
was horizontally placed on a table (Note S.13, ESIt). To avoid
solar heating, the experimental setup was covered by reflective
aluminum sheets with only the PV panel exposed to sunlight
through an aperture. A pyranometer was placed on the side of
the HSD-WE device to measure the incident solar flux on the PV
panel. Four thermocouples (T-type) were used to measure the
temperature of the PV panel (T3), air gap (7), PEM electrolyzer
(T5) and ambient air (T,mp), respectively. The hydrogen collec-
tion setup was the same as that used in the laboratory experi-
ment, where the real-time hydrogen collection was recorded
using a camera. Real seawater with 3.5 wt% salinity was used as
the water source in the outdoor experiment.

The experiment started at 11:30 am (local time) and ended at
5:30 pm (local time). After the experiment started, the tempera-
ture of the HSD-WE device rose up rapidly within the first one
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hour (Fig. 5b). We note that the peak temperature of the PV
panel was ~43 °C (blue curve in Fig. 5b), which was only
~10 °C above the ambient temperature (purple curve in
Fig. 5b). Compared with the laboratory experiment, the tem-
perature rise of the PV panel was much lower, which is desir-
able to achieve high solar-to-electricity conversion efficiency.
This is because the wind provided additional convective cool-
ing, and the natural sunlight had a relatively lower solar flux
(<800 W m™?) than the one-sun illumination. Owing to the
condensation heating, the temperature of the PEM electrolyzer
was above 35 °C, which was comparable to that in the labora-
tory experiment. The weather was sunny during the first one-
hour operation and then became increasingly cloudier after
1:00 pm. As a result, the solar flux was stable at around
750 W m~ 2 from 11:30 am to 1:00 pm and then became highly
fluctuating from 200 W m™2 to 800 W m™ > due to clouds (red
curve in Fig. 5c). Accordingly, the temperature of the HSD-WE
device also showed a fluctuation, where each spike in the
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Fig. 5 Outdoor test of the HSD-WE device on a partly sunny day. (a) Image of the experimental setup installed on the rooftop. The outdoor test was
performed on a partly sunny day in Cambridge, MA (August 05, 2024). (b) Temperature of the HSD-WE device as a function of time during the outdoor
test. (c) Solar flux (red curve) and green hydrogen production rate (blue curve) as a function of time. The hydrogen production rate was determined from
the water displacement approach. The average HHV-based STH efficiency of the HSD-WE device during the outdoor test was 12.3%. (d) Time-lapse
images of continuous green hydrogen production from the HSD-WE device during the outdoor test.
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measured solar flux (red curve in Fig. 5c) corresponds to a
temperature drop-and-recovery cycle (Fig. 5b). Fig. 5d shows the
time-lapse images of hydrogen collection during the outdoor
test, where water inside the gas collection cylinder was marked
by blue shadows (Video S2, ESIt). Due to the stable solar flux
from 11:30 am to 1:30 pm (red curve in Fig. 5c), the first two-
hour operation showed a highly stable hydrogen production
rate around 150 mL h™" (blue curve in Fig. 5¢). At 2:15 pm, the
gas collection cylinder was fully filled with 435 mL wet hydro-
gen (Fig. 5d). At 2:20 pm, we installed a new cylinder to
continue the hydrogen collection (Fig. 5d). The hydrogen
production rate was maintained above 100 mL h™~" until 3:00
pm. After that, due to the significant reduction of solar flux
(<350 W m™* on average), the hydrogen production rate
decreased to around 50 mL h™" (blue curve in Fig. 5c). By the
end of the experiment (5:20 pm), an additional 220 mL wet
hydrogen was collected inside the cylinder (Fig. 5d). Through-
out the six-hour operation, the HSD-WE device showed an
average HHV-based STH efficiency of 12.3% (Fig. 5c¢) (Note
S.13, ESIt). Even on a partly sunny day, more than 655 mL
hydrogen was collected in total, indicating a daily hydrogen
production rate of ~133.7 L m > To further confirm the
reliability of the HSD-WE device, we performed multiple out-
door tests on the other days, and similar STH efficiencies were
obtained (Note S.13, ESIt). The STH efficiency shown in the
outdoor testing was highly consistent with that demonstrated
in the laboratory experiment (Fig. 4f), indicating a stable
performance of hydrogen production.

Technoeconomic analysis

We performed a technoeconomic analysis to assess the transla-
tional potential of the solar-powered seawater electrolysis for
green hydrogen production. Fig. 6a shows the cost of hydrogen
production as a function of time, where the HSD-WE device
(red curve) was compared with the conventional water electro-
lysis (WE) based on PEM electrolyzer (blue curve). The general
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approach of technoeconomic analysis has been demonstrated
in our previous works (Note S.14, ESI1).°>®" The capital expen-
diture (CAPEX) of a baseline PEM electrolyzer was determined
from the US Department of Energy (DOE) record in 2020,°%%
whereas the operational expenditure (OPEX) for WE included
the cost of electricity and clean water. The CAPEX of the HSD-
WE device was estimated by adding the cost of the PV panel and
capillary wick to that of the baseline PEM electrolyzer (Note
S.14, ESIf). In general, the cost of hydrogen production
decreased with the operation time for both conventional WE
and HSD-WE (Fig. 6a). This is because the longer the operation
time is, the more hydrogen will be produced in total and hence
the easier it is to recover the initial capital investment. However,
for conventional WE, the cost of hydrogen production is funda-
mentally limited to OPEX. As a result, after two-year operation,
our analysis shows that the hydrogen cost of conventional WE
stabilized at $10 per kg, which was consistent with recent
reports.’”®* In contrast, the economic feasibility of HSD-WE
became significant during a long-term operation (Fig. 6a). Owing
to the passive operation nature, the OPEX associated with the
HSD-WE device can be minimized. Despite the slightly higher
CAPEX due to the adoption of the PV panel and capillary wick,
the cost of hydrogen production for HSD-WE became lower than
that for conventional WE after the first year (grey dashed line in
Fig. 6a), monotonically decreasing with time. Notably, our
technoeconomic analysis shows that the cost of hydrogen pro-
duction for HSD-WE can be reduced to $5 per kg with three-year
operation and $1 per kg with 15-year operation (Fig. 6a). To make
a fair comparison, we assumed the hydrogen production rate of
conventional WE was the same as that of HSD-WE in the above
analysis, which might not be always valid, especially considering
the high current density commonly applied to conventional WE
systems. However, we note that the long-term technoeconomic
performance of conventional WE can be weakly dependent on
the hydrogen production rate because the OPEX is the predomi-
nant source of hydrogen cost (Note S.14, ESIT).
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Fig. 6 Technoeconomic analysis of solar-powered seawater electrolysis for green hydrogen production. (a) Cost of hydrogen production as a function
of operation time. Hydrogen production through conventional water electrolysis (WE) is limited by the operational expenditure (OPEX) due to the
consumption of clean water and electricity. Hydrogen production through the HSD-WE approach can be cheaper than the conventional WE after one-
year operation, reaching $5 per kg with three-year operation and $1 per kg with 15-year operation. (b) Global potential of green hydrogen production
using the HSD-WE approach. An average annual green hydrogen production of 233 kWh m™2 was predicted with the demonstrated STH efficiency as the
input. Green hydrogen production in selected cities is marked on the global map. The amount of annual green hydrogen production in each city is shown
in brackets with a unit of kWh m~2 per year.
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We further simulated the global potential of green hydrogen
production using the HSD-WE device with the demonstrated
STH efficiency and global direct normal irradiance as the
inputs (Note S.15, ESIt). Fig. 6b shows the global distribution
of annual green hydrogen production. Considering only the
inland operation, the total annual production of green hydro-
gen can reach 3.5 x 107 TWh, equivalent to 8.8 x 10° Mt, which
is much higher than the global demand for green hydrogen in
2050 (>500 Mt). We note that our analysis was largely idealized
because it is practically impossible to cover the entire land
surface with HSD-WE devices. Nevertheless, the above analysis
has shown the huge potential of HSD-WE devices for solar-
powered seawater electrolysis, because even if only 0.06% of the
land surface can be covered by HSD-WE devices, the resulting
hydrogen production will satisfy the global demand. With
offshore operation, the total green hydrogen production can
be further increased. Depending on solar irradiance, the local
hydrogen production ranged from 22 kWh m™2 per year to
383 kWh m ™2 per year, with an average value of 233 kWh m >
per year (5.91 kg m 2 per year). For most locations as marked in
Fig. 6b, the hydrogen production can be above 200 kWh m™>
per year (5.08 kg m~? per year). To facilitate large-scale deploy-
ment and long-term operation, effective scale-up strategies,
detailed degradation mechanisms, and rigorous maintenance
protocols should be systematically investigated in future
studies.

Conclusions

In summary, we developed a high-efficiency and low-cost solar-
powered seawater electrolysis approach for green hydrogen
production. Our approach combined PV and PT effects to
achieve the full-spectrum utilization of solar energy. Electricity
produced by the PV panel was used to power electrolysis,
whereas the waste heat of the PV panel was harnessed to distill
seawater. We designed an HSD-WE device, which integrated an
interfacial thermal evaporator with a PEM electrolyzer, achiev-
ing in situ water purification without electricity consumption.
We carefully optimized the coupling among the Si PV panel,
interfacial thermal evaporator, and PEM electrolyzer to enable
high-performance PV cooling, clean water production, salt
rejection, and condensation heating, which are critical to
facilitate efficient solar-to-hydrogen conversion. With real sea-
water as the input, we demonstrated more than 12% STH
efficiency and up to 35.9 L m > h™* hydrogen production rate
in both laboratory and outdoor conditions. With a fully passive
operation and low-cost materials, our approach exhibited
superior economic feasibility, making less than $1 per kg green
hydrogen possible within decades. The developed HSD-WE
device can be not only integrated with existing solar farms
but also installed in various off-grid and water-stressed areas,
significantly increasing the accessibility to green hydrogen.
Taking advantage of the most abundant resources on our
planet, sunlight and seawater, this work provides a viable
solution to address the substantial electricity and clean water
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consumption requirements associated with electrolysis, pro-
mising a sustainable pathway toward low-cost green hydrogen
production with record-high energy efficiency.
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