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Solar-driven evaporation is an eco-friendly and cost-effective
freshwater production technique. It is essential to maintain con-
tinuous evaporation under intermittent sunlight for practical appli-
cation. Integrating solar-thermal storage with evaporation is a
promising solution. However, existing designs struggle to balance
high evaporation rates with effective thermal energy storage in a
single device due to conflicting thermal conductivity and hydro-
philicity requirements for the two functions. Here, we develop a
heterogeneous 3D graphene architecture featuring a hydrophilic
gradient hydrogel evaporator (GHE) encircled by a hydrophobic
thermal storage composite (TSC). The thermally conductive and
hydrophobic TSC made from 3D graphene and paraffin wax
enhances solar-thermal conversion and storage, while the ther-
mally insulative and hydrophilic GHE featuring radiating channels
with gradient pores facilitates efficient heat localization and water
transport. This structurally and compositionally separated design
leverages contrasting thermal and hydrophilic properties, achieving
a high evaporation rate of 3.6 kg m~2 h™* under direct sunlight and
extending the evaporation at a rate of 2.7 kg m~2 h™! for 30 minutes
even when sunlight dims. The integrated device produces twice as
much water as the hydrogel evaporator alone under intermittent
lighting. This work presents an effective strategy for extending
water generation capabilities under intermittent sunlight.
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New concepts

This work demonstrates a new concept of a heterogeneous 3D graphene
architecture that leverages structurally and compositionally distinct compo-
nents to balance contrasting thermal conductivity and hydrophilicity
requirements for synergistic solar-thermal storage and evaporation. The
heterogeneous design featuring a hydrophilic gradient hydrogel evaporator
(GHE) encircled by a hydrophobic thermal storage composite (TSC) allows us
to achieve multifunctionality that would be challenging to realize in a single
material. The GHE is tailored for efficient water transport and evaporation,
while the TSC is optimized for thermal energy storage. Integrating these
functionalities into a single material could compromise the performance of
each function due to conflicting requirements for thermal conductivity and
hydrophilicity. This work provides additional insights into multiscale
structural design of the GHE and mechanistic understanding of thermal
energy storage for enhanced evaporation under intermittent sunlight. The
architecture of the GHE includes macroscale radiating gradient channels for
efficient heat distribution, microscale aligned graphene oxide sheets for
improved light-to-heat conversion, and nanoscale functional groups for
enhanced hydrophilicity, as well as its effective integration with the TSC.
We also quantified the contribution of additional power for evaporation due
to thermal energy storage, underscoring the crucial role of the TSC in
maintaining stable high performance under intermittent sunlight.

Introduction

Water scarcity is a threat to humanity worldwide, especially in
developing countries and remote areas."” Solar-driven water
evaporation is a promising freshwater generation technique by
harvesting solar energy and converting it to heat using light-
absorbing evaporators. These evaporators have been constructed
from photothermal materials such as plasmonic nanoparticles,**
graphene oxide (GO),>® carbon nanotubes (CNTs)”® and
MXenes.'®" In addition to high solar absorption, a low thermal
conductivity (k) for reduced heat loss and high hydrophilicity for
fast water transport are required. In the past decade, myriad
research efforts have been devoted to engineering solar evapora-
tors for broadband solar absorption,”'>'* reduced heat
losses,"*™® and efficient water supply’”™*° for high-performance
water evaporation. The construction of porous three-dimensional
(3D) nanocomposite evaporators has been demonstrated as an
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effective approach to achieve excellent thermal management,
fast water transport, and high sunlight absorption
simultaneously.?®*! The rationally designed pore channels with
different alignment structures,'®*>** e.g., MXene/polyvinyl
alcohol (PVA) aerogels with horizontal pore alignments, pro-
vided both a low k of 0.06 W m~' K™" and fast water transport,
leading to a high evaporation rate of ~2 kg m~> h™'."°
Recently, hydrogel-based evaporators, such as hydrophilic PVA
hydrogels, with a superior evaporation rate (>3 kg m > h™")
have been developed by exploiting the abundant hydroxyl groups
(~OH) in polymer networks,>*>° despite having higher k com-
pared to aerogel counterparts. Although the performance of
water evaporation has been significantly improved by tailoring
the composition and microstructure of evaporators, it remains a
formidable challenge to translate these lab-scale evaporators
into practical freshwater production devices. A primary chal-
lenge lies in the intermittent nature of sunlight in practical
settings. Maintaining effective evaporation even during periods
of reduced sunlight availability is a daunting task. Recent
advancements have focused on integrating solar thermal eva-
poration setups with thermoelectric devices to simultaneously
generate water and electricity.””*® This approach enhances
overall energy utilization by converting excess thermal energy
into electricity, which can be stored in batteries for use during
periods without sunlight. However, the use of batteries can be
challenging in harsh environmental conditions, including high
humidity, saltwater exposure, and temperature fluctuations,
which can lead to corrosion and reduced battery lifespan.

To address the challenges posed by intermittent sunlight and
to complement battery usage, interfacial evaporators using
phase-change material (PCM) microcapsules as solar absorbers
have been developed.***° The PCM microcapsule-based evapora-
tion systems exhibited high evaporation rates of >2 kg m > h ™"
under one sun. The PCM also stored thermal energy under
sunlight and released it for evaporation when sunlight was
absent, maintaining a high evaporation rate during illumina-
tion-dark cycles for continuous evaporation performance under
solar irradiation interruptions. In addition to PCM microcap-
sules, a paraffin block was also integrated into the polypyrrole
(PPy)-based evaporator to enhance the evaporation performance
under intermittent solar irradiation.®’ However, the current
design entails integrated evaporation and thermal energy storage
functions using a single structure, by which it is difficult to
achieve both high evaporation rate and energy storage capability,
given the vastly different requirements in their hydrophilicity
and thermal conductivities (k). Evaporators required highly
hydrophilic structures.*® However, the PCM microcapsules were
hydrophobic, unable to deliver fast water transport. A cotton pad
was used for water supply, which separated microcapsules and
in turn led to a low k of the device. While low k was favorable for
reduced heat loss in evaporation, thermal energy storage
required high & to transfer the absorbed heat in the microcap-
sules for high thermal energy storage efficiency.>® Integrated
evaporation and thermal energy storage functions are challen-
ging to achieve in a single device due to the conflicting hydro-
philicity and k requirements.
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Here, we developed an integrated solar-thermal storage and
evaporation (ISTSE) device based on heterogeneous 3D graphene
architectures to boost freshwater generation under intermittent
sunlight, as shown in Fig. 1a. The ISTSE device comprised a
hydrophilic gradient hydrogel evaporator (GHE) surrounded by a
hydrophobic thermal storage composite (TSC) at the top, form-
ing mushroom-like heterogeneous architectures for synergistic
solar-thermal energy storage and evaporation (Fig. 1a and b).
The GHE was made of PVA and GO due to their rich oxygen-
containing functional groups, which enhance hydrophilicity and
facilitate efficient water transport to the evaporation surface.
This also enables the formation of stable hydrogels without the
need for additional chemical crosslinkers, thereby simplifying
the fabrication process and potentially reducing costs. In addi-
tion, the excellent light absorption properties of GO across a
broad spectrum are crucial for converting solar energy into heat
efficiently. For TSC, the graphene network is created using
chemical vapor deposition (CVD), forming a highly conductive
3D structure that enhances heat conduction throughout the TSC.
In addition, the excellent light absorption properties of graphene
can contribute to effective solar-thermal conversion. CNTs act as
a secondary conductive network, particularly effective in con-
ducting heat within the larger pores of the graphene network,
ensuring even heat distribution and minimizing thermal gradi-
ents. This synergy between graphene and CNTs maximizes the
thermal management capabilities of the composite. Further-
more, paraffin wax (PW) is chosen for its high latent heat of
fusion and reversible phase change, allowing it to absorb and
release heat repeatedly without significant degradation over
many cycles, which is crucial for the long-term reliability and
efficiency of the TSC. The compositionally and structurally
separated design allowed contrasting k values and hydrophilicity
for the two functions. Under solar irradiation, the TSC was
designed to efficiently store part of the thermal energy absorbed
from the sun as latent heat while transferring the excessive heat
to the hydrogel evaporator, giving rise to a high evaporation rate
of 3.6 kg m~? h™" under one sun. More importantly, the stored
thermal energy could be released once the sunlight was dimmed,
maintaining freshwater generation over an extended period at an
evaporation rate of 2.7 kg m > h™" even after the sunlight was
blocked. This work paves the way for high-performance fresh-
water generation under practical intermittent sunlight condi-
tions by integrating thermal energy storage capability into solar
evaporators.

Results and discussion
Heterogeneous design of 3D graphene architectures for ISTSE

The main challenges to integrating thermal energy storage
capabilities with solar evaporators stem from the vastly differ-
ent requirements for their £ and hydrophilicity. Thermal energy
storage requires a high k to facilitate fast charge-discharge
cycles whereas a low k in the thickness direction is desired for
solar evaporators to minimize the heat loss to bulk water. In the
case of an integrated system, thermal energy generated and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Heterogeneous design of 3D graphene architectures for ISTSE. (a)
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Schematics of the ISTSE device consisting of TSC for thermal energy storage

and release under intermittent solar irradiation and GHE with fast water transport ability and balanced thermal management. (b) Photographs showing the

self-floating ability of the ISTSE device. (c) Scanning electron microscope

(SEM) images showing the interconnected graphene network and CNTs/PW.

(d) Optical image showing the water contact angle of TSC 3s after a water droplet is added. (e) A digital image showing the dark appearance and radiating
gradient channels on the cross-section of GHE. (f) SEM image showing the gradient pores for water transportation. (g) Optical images showing the high

hydrophilicity of GHE.

stored needs to be quickly transferred and distributed to the
evaporation surface, calling for a high in-plane & on the evapora-
tion surface and thus further complicating the structural design.
Moreover, hydrophobic phase-change polymers used for thermal
energy storage are not suited as evaporators, which require
hydrophilic properties for water absorption. To tackle these
challenges, we propose a heterogenous architecture consisting
of a hydrophilic GHE surrounded by a hydrophobic TSC for
synergistic solar-thermal energy storage and evaporation (Fig. 1a
and b). The TSC was made from a thermally conductive,

This journal is © The Royal Society of Chemistry 2025

interconnected graphene network to host PW for solar-thermal
conversion and storage (Fig. 1c). CNTs were incorporated into
the PW to form dual thermally conductive networks for
improved thermal storage efficiency and enhanced solar absorp-
tion. Both the carbon skeleton and PW were highly hydrophobic,
giving rise to a water contact angle of 102° for TSC (Fig. 1d).
The hydrophobic nature enabled self-floating of the ISTSE device
on the water surface (Fig. 1b and Video S1, ESIt). Unlike
the previous systems using phase-change microcapsules as both
thermal energy storage and evaporators,”?° the GHE was
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compositionally and structurally separated from the TSC such
that contrasting k values and hydrophilicity could be attained for
the two functions. The GHE was surrounded by the TSC at the
top surface, featuring pore channels in a radiating pattern
(Fig. 1e and f) with gradient pore sizes (Fig. S1, ESIt). The
radiating channels allowed the heat released by the TSC to fast
spread on the evaporating surface while suppressing the thermal
conduction in the thickness direction to minimize heat losses to
bulk water. Meanwhile, the gradient pores with reducing pore
size from bottom to top facilitated fast water transport for
evaporation. The GHE was made from hydrophilic GO and
PVA, exhibiting almost instant water absorption after dispensing
of a water droplet on the surface (Fig. 1g).

The above design encompassing functionally separated TSC
and GHE aims to achieve several unique features for sustained
water generation under intermittent sunlight. First, carbon-
based TSC and GHE with different &k values could efficiently
convert and transfer heat for water generation while extra heat

Insulating mold
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could be stored in the PW when sunlight was abundant. Second,
when the solar irradiation was blocked by clouds, the stored heat
could be released from TSC and effectively transferred to GHE to
continuously drive the evaporation. Third, the hydrophilic GHE
with gradient pore channels warranted fast water transport for
water evaporation while the hydrophobic TSC was essential to
keep the device afloat without extra support.

GO/PVA hydrogels for high evaporation performance

Pore morphology is an important factor determining the ther-
mal and water transport in hydrogel evaporators. A conven-
tional unidirectional freeze-casting method yielded vertical
hydrogel evaporator (VHE) contains vertically aligned pores
(Fig. 2a and Fig. S2, ESI{),* %" facilitating fast water transport
but also exacerbating the heat loss to bulk water through
vertical cell walls. Moreover, the in-plane k along the evapora-

tion surface is rather low due to the transversely aligned
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unable to effectively transfer the heat from TSC to
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Fig. 2 Fabrication, structures, and thermal properties of GHE. (a) Schematics of the set-up and operating principles of the unidirectional and fan-shaped
freeze-casting for VHE and GHE, respectively. SEM images showing the pore channels of GHE (b) vertically in the center, (c) radiating towards the edges
and (d) horizontally on the evaporation surface. Scale bars: 100 pm. (e) The FTIR spectra of GHE, PVA and GO. (f) Solar absorption spectra and (g)

anisotropic k values of VHE and GHE.
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the entire evaporation surface. Here, we designed the GHE with
pore channels arranged in a radiating pattern with gradient
pore sizes to achieve the desired anisotropic heat transport
without affecting the water transport. The GHE was fabricated
from a GO and PVA mixture solution using a fan-shaped freeze-
casting technique with a narrow metallic strip as the cold
source at the bottom (Fig. 2a). The ice crystals nucleated
favorably on the metallic strip and grew outwards in a radiating
pattern with increasing separation between solidification
fronts. The freeze-cast GO/PVA sample was thawed under
ambient conditions after placing in a freezer at —40 °C over-
night to allow physicochemical crosslinking between PVA
chains.***?> The ambient-thawed sample was flipped upside
down to obtain GHE for applications, exhibiting a dark color
with radiating gradient channels (Fig. 1e). The scanning elec-
tron microscopy (SEM) images show that the pore channels

View Article Online
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were arranged vertically in the center (Fig. 2b). But turned
increasingly slanted towards the edges (Fig. 2c), becoming
almost horizontal on the evaporation surface (Fig. 2d). More-
over, the pore sizes were ~ 30 pm close to the bottom of GHE,
narrowing down to only ~10 um near the evaporation surface
(Fig. S1, ESIf). The gradient structures can be controlled
through different approaches such as tailoring the solid con-
tent in colloidal solution and freezing temperature for freeze-
casting, as shown in Fig. S3 and S4 (details refer to Note S2,
ESIt). The Fourier-transform infrared microscopy (FTIR) spec-
trum of GHE showed similar characteristic peaks as PVA except
for a new peak at ~1650 cm™ ' (Fig. 2e),>° corresponding to the
C—C bond stretching of the aromatic rings in GO.** This
confirms the presence of GO in the PVA network, both of which
were hydrophilic to the benefit of water absorption for evapora-
tion. Indeed, the water content in the GHE was over 96 wt%
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Fig. 3 Water evaporation performance of GHE under one-sun illumination.

Nanoscale

(a) Time-dependent surface temperatures of GHE and VHE under the solar

intensity of 1 kW m~2. (b) Digital images showing faster water transportation of GHE than VHE. (c) Evaporation rate and energy efficiency of GHE and VHE

under the solar intensity of 1 kW m~2
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. (d) Schematics of the multiscale structures responsible for excellent water evaporation performance of GHE.
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(calculation refers to Note S3, ESIt) when saturated, confirming
its strong water absorption capability.

To highlight the important role of radiating channels in
thermal management, the optical and thermal properties of
GHE were compared to the VHE with the same composition.
Thanks to the highly porous structures, both VHE and GHE
exhibited almost the same, high solar-weighted absorption of
94% (Fig. 2f). However, GHE and VHE had distinct anisotropic
k arising from their microstructures (Fig. 2g). Due to the vertically
aligned pore channels, VHE had a higher & in the thickness
direction (k) than that along the evaporation surface (k).
The high k. of 0.71 W m™" K™, even higher than that of water
(0.6 Wm™' K", led to considerable heat loss from the evapora-
tion surface to bulk water. Meanwhile, the relatively low &, of
0.41 W m "' K ' could limit the heat transfer from the side to
the center of evaporation surface when integrated with the TSC.
By contrast, GHE with pores aligned in the radiating pattern
showed a 59% higher k& (0.65 W m™* K ") while 34% lower &,
(0.47 W m~" K ") than VHE. The high k, was attributed to the
horizontally aligned pore channels on the surface, promoting heat
conduction from the surrounding TSC to the evaporation surface.
The low k; arose from the slanted cell walls, blocking the heat loss
from the evaporation surface to bulk water. To summarize, the
anisotropic k of GHE favored the fast heat conduction along the
evaporation surface to uniformly distribute the heat generated
from the surrounding TSC, while minimizing the heat loss to bulk
water by virtual of its low k.

The lower heat loss of GHE led to a better thermal manage-
ment than conventional VHE during evaporation. As shown in
Fig. 3a, the surface temperature of GHE reached 32 °C, 2 °C
higher than that of VHE under one sun. In addition, thanks to
the hydrophilic GO/PVA networks and gradient structures, the
GHE demonstrated faster water uptake than VHE (Fig. 3b and
Video S2, ESIT). The lower heat loss together with better water
transport eventually translated into a higher water evaporation
rate of GHE than VHE under solar irradiation. The mass
of water reduced much faster for GHE than VHE under one
sun (Fig. S5a, ESIT), resulting in a high evaporation rate of
2.2 kg m~> h™" for GHE, 16% higher than that of VHE (Fig. 3c).
The corresponding solar-to-vapor energy efficiency, 1, was
calculated as follows:

mhy,

= X 1
n ConPo 0

where 1 is the evaporation rate after subtracting dark evapora-
tion (Fig. S5b, ESIt), A, is the equivalent enthalpy of vaporiza-
tion, which is estimated from the dark evaporation rate
(Fig. S5c¢, ESIT), Cop is the optical concentration on the sample
surface and P, is the solar irradiation power. The energy
efficiency of GHE was 88.3%, 10% higher than VHE (Fig. 3c).
These results highlight the positive role of multiscale structures
responsible for excellent water evaporation performance of
GHE (Fig. 3d). In the macroscale, the radiating gradient chan-
nels balanced the heat conduction on the evaporation surface
and thermal insulation in the thickness direction, while
the gradient pore sizes promoted water transport in the GHE.

5180 | Mater. Horiz., 2025, 12, 5175-5186
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In the microscale, the presence of horizontally aligned GO sheets
at the surface promotes the heat conduction in a desired direc-
tion, further optimizing the balanced thermal management, in
addition to its excellent solar-to-heat conversion performance. In
the nanoscale, the abundant oxygen-containing functional groups
also enhance the hydrophilicity of GHE, translating into fast water
transport performance. In addition, the long-term stability of GHE
was also demonstrated through 50-cycle evaporation tests under
one sun (Fig. S6a, ESIt). The structural and chemical stability of
GHE was further confirmed by FTIR (Fig. S6b, ESIt) and SEM
analyses (Fig. S6c and d, ESIt), respectively.

TSC for thermal energy storage

The other functional component in the ISTSE device is the TSC.
Thermal energy storage materials require a high & value for fast
charge and discharge, in stark contrast to the low & requirement
for solar evaporators. Furthermore, common PCMs for thermal
energy storage are mostly highly hydrophobic, requiring analo-
gously hydrophobic skeletons to host them, which is opposed to
the hydrophilic requirement for solar evaporators. The reported
integrated devices normally utilized a single material for
both thermal energy storage and evaporation,>' unable to
reconcile the contrasting demands for k and hydrophilicity.
Here, we designed a TSC, which was compositionally different
and structurally separated from the GHE, as the solar-thermal
energy storage component, aiming to achieve a high k value for
fast charging and discharging. The TSC contained a 3D CVD-
grown interconnected graphene skeleton, which was further
infiltrated with CNTs/PW composites (Fig. 1c). Unlike the
abundant hydroxyl functional groups in GO and PVA used in
GHE, both the CVD-grown graphene and CNTs in TSC con-
tained much fewer oxygen-containing functional groups
(Fig. S7, ESIT),** making the TSC highly hydrophobic with a
water contact angle of 102° (Fig. 1d and Fig. S8, ESIt). The
hydrophobic TSC encircled the hydrophilic GHE, enabling the
self-floating ability of the integrated device without extra sup-
port (Fig. 1b). Without the TSC, GHE alone sank to the bottom
when placed on water because of its hydrophilicity (Fig. S9,
ESIt). Moreover, the CVD-grown graphene had few structural
defects as indicated by the low Raman D to G peak intensity
ratios of ~0.23 (Fig. S10, ESIt), beneficial to a much higher
k than GO.*>*® Together with the dual conductive network
created by CNTs, the TSC achieved a much higher & value
of 1.27 W m~ " K ' than its GHE counterpart (0.65 and
0.47 W m ' K in the evaporation surface and thickness
directions, respectively). This high k was a significant 390%
improvement against pristine PW (0.26 W m~' K "), as pre-
sented in Fig. S11a (ESIt). It should also be noted that the
improvement in k was attained at a low graphene and CNT
loading of 6.5 wt% (Fig. S11b, ESIt), which ensured a minimum
impact on the melting and crystallization temperatures, as well
as the phase change enthalpy of PW. This negligible impact was
confirmed by the almost identical differential scanning calori-
metry (DSC) curves of TSC and PW, as shown in Fig. 4a. The
DSC curves of TSC and PW showed two peaks at ~30 and
~50 °C, corresponding to the solid-solid phase transition and

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Integration of TSC into GHE and freshwater generation performance under intermittent illumination—dark cycles. (a) DSC and (b) solar absorption
spectra of EPC, TSC and PW. (c) Schematic illustrations showing the sample of GHE alone and the devices of GHE-EPC and GHE-TSC, and at which point
different temperatures were measured in (d) and (e). (d) Temperature profiles of EPC and TSC. (e) Temperature profiles of GHE, GHE-EPC and GHE-TSC.
(f) Temperature distribution and isotherm patterns for GHE-TSC and VHE-TSC after 60 minutes of illumination. (g) Mass changes of three evaporators
during three illumination—dark cycles under one sun. (h) Extra powers provided by EPC and TSC to GHE for additional water production during three
illumination—dark cycles under one sun.

solid-liquid phase change of PW, respectively.”” The latent energy storage capacity of TSC almost identical to pure PW
heats of melting and crystallization of the TSC were measured despite the presence of graphene and CNTs. The solid-solid
from the DSC curves as 180 and 175 ] g~ ', respectively. These and solid-liquid phase change enthalpy of TSC are ~30 and
values were 94.2% and 92.1% of the corresponding latent heats ~150 J g ' (Fig. S11d, ESI{), respectively. In addition to
of pristine PW (Fig. S11c, ESIT), indicating an excellent thermal thermal conductivity and thermal energy storage capacity, light

This journal is © The Royal Society of Chemistry 2025 Mater. Horiz., 2025, 12, 5175-5186 | 5181


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh00302d

Open Access Article. Published on 14 April 2025. Downloaded on 2/15/2026 11:30:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

absorption is also essential to solar-thermal energy storage. The
pristine PW had a low optical absorption of ~70% in the solar
wavelengths (Fig. 4b), which was ineffective to convert the solar
energy to heat. The presence of graphene and CNTs greatly
improved the solar absorption to ~96% thanks to the excellent
photothermal effects of nanocarbons and abundant graphene/
PW and CNTs/PW interfaces with mismatched refractive
indices to promote extensive light scattering. It is also noted
that the sunlight absorption of TSC was slightly higher than
GHE, serving as additional heat source under sunlight to allow
more effective utilization of solar energy.

Integration of GHE and TSC for freshwater generation under
intermittent sunlight

Given the desired evaporation performance of GHE and ther-
mal energy storage performance of TSC, we further integrate
them into a GHE-TSC structure by encircling TSC around
the top of GHE (Fig. 1a) to boost water generation under
intermittent sunlight. To pinpoint the essential role of thermal
energy storage on the water evaporation performance, we also
prepared a control sample of the epoxy composite (EPC) in
place of TSC in the integrated device for comparison. The EPC
was made by replacing PW in the TSC with epoxy, showing no
peaks in the DSC curve (Fig. 4a) and thus indicating its inability
to store thermal energy. In addition, EPC exhibited a solar
absorption comparable to TSC (Fig. 4b) because of their iden-
tical carbon networks. Therefore, a comparison between GHE-
TSC and GHE-EPC can single out the contribution of thermal
energy storage of TSC on the water production rate.

To evaluate the evaporation performance under intermittent
sunlight, evaporation tests for three samples, GHE, GHE-EPC,
and GHE-TSC (as illustrated in Fig. 4c), were carried out under
repeated illumination-dark cycles. Each cycle comprised an
illuminating period with an irradiation intensity of 1 kW m™>
for 60 min followed by a dark period (i.e., with irradiation turned
off) of 30 min. The test setup was placed in an environmental
chamber covered by a blackout curtain. As a result, the solar
intensity was very low, measured to be between 2 to 4 W m™?,
which can be considered negligible when sunlight dims. Such
cycles mimic a cloudy weather condition where the sunlight is
periodically blocked by moving clouds. The surface temperatures
of EPC and TSC behaved differently because of the thermal
energy storage capability of TSC, as shown in Fig. 4d. The surface
temperatures of both TSC and EPC reached ~37.5 °C for the first
illuminating cycle because of their almost identical solar absorp-
tion. When the light was turned off, the surface temperature of
EPC dropped instantly to ~28 °C in only 5 min, while the
cooling rate of TSC was much slower than EPC due to the latent
heat release from PW. The latent heat storage and release
behaviors of TSC were more evident in the second and third
cycles, where the phase change became more stable. Once the
irradiation was turned off in the second cycle, the temperature of
EPC rapidly dropped from 39 to 28 °C in 10 min and then slowly
returned to room temperature at the end of the second cycle. By
contrast, the TSC held its surface temperatures better than EPC
with a lower temperature decline rate of ~0.4 °C min~" thanks
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to the latent heat release from the PW when temperatures
dropped to its solid-solid phase transition region at around
38 °C. The latent heat released counterbalanced the fast tem-
perature decay due to heat loss to the environment when the
illumination was off, holding the temperature of TSC at 28.5 °C
even at the end of the 30-min dark cycle.

The better temperature preserving ability of TSC directly
translated into a higher evaporation surface temperature in the
GHE-TSC than EPC-TSC systems under intermittent illumina-
tion. The evaporation surface temperatures (i.e., the surface
temperatures of GHE) of the three systems are compared in
Fig. 4e. TSC and EPC with excellent photothermal conversion
served as an additional heat source when encircling the GHE,
raising the evaporation surface temperature of GHE to 34 and
33 °C in GHE-TSC and GHE-EPC, respectively, higher than the
GHE acting alone (~ 32 °C) under illumination in the first cycle.
For GHE-EPC, no additional heat was supplied to GHE in the
dark period as indicated by the similar fast temperature decay
when illumination was turned off. By contrast, TSC was able to
provide additional heat through latent heat release to the
evaporation surface in GHE-TSC even in the dark period, as
demonstrated by the lower temperature reduction rate than
GHE and GHE-EPC. This maintained the evaporation surface
temperature of GHE-TSC over the illumination and dark per-
iods at 34.2 and 30.4 °C on average, respectively, higher than its
counterparts (Fig. S12, ESIt).

To understand the mechanism for maintaining high eva-
poration surface temperatures under both illumination and
dark conditions, we carried out numerical simulations of
thermal transport and phase change processes in the inte-
grated devices (Note S5 and Fig. S13, ESIT). Under illumination,
the surface temperature of TSC was higher than that of GHE
(Fig. 4f and Fig. S13a, ESIT), which aligns with the experimental
observations (Fig. S14, ESIf). This temperature difference
was primarily due to graphene and CNTs exhibiting superior
photothermal effects compared to GO and the absence of
an evaporative cooling process for TSC. Consequently, under
illumination, heat was transferred from TSC to GHE. The heat
transfer from TSC to GHE was more effective than that from
TSC to VHE, as evidenced by the more uniform temperature
distribution (Fig. 4f) and smaller temperature difference
between the two in the former (Fig. S13 and S14, ESI{). The
in-plane aligned pores on the surface of GHE allowed the fast
transfer of heat from periphery to center, while the slanted
pores prohibited the heat dissipation along the thickness
direction. Under the dark conditions, the energy stored in
TSC was released to GHE through the same heat transfer
mechanism as that under illumination, resulting in an appar-
ent slow decay in temperature (Fig. S13, ESIt). In comparison,
the EPC could not generate heat in the dark, giving rise to a
sharp reduction in temperature (Fig. 4d and Fig. S13c, ESIY).
These simulation results revealed the key role of radiating pore
channels of GHE in anisotropic heat transfer for superior
thermal management and its effective integration with TSC
for maintaining the evaporation surface temperature during
both illuminated and dark periods.

This journal is © The Royal Society of Chemistry 2025
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The mass changes of water during the cyclic illumination—
dark tests using the three structures as evaporators are com-
pared in Fig. 4g. It should be noted that TSC served as a thermal
storage and supply component, storing solar energy and releas-
ing it to GHE to support continuous evaporation, especially
under intermittent sunlight. Since no evaporation occurred on
the surface of TSC, only the surface area of GHE, where active
evaporation takes place, was considered when calculating the
evaporation rate of integrated device. Initially, steeper slopes
were observed for GHE-TSC and GHE-EPC compared to GHE,
suggesting higher evaporation rates of the formers thanks to
the higher surface temperatures arising from better solar
absorption of TSC and EPC. After the illumination was turned
off, the water continued to be generated at a high rate of
2.7 kg m > h™! for GHE-TSC, maintaining at ~75% of that
under illumination because of the latent heat release. By con-
trast, the evaporation rate in GHE-EPC was reduced by half
under dark as indicated by a plateau in the mass reduction curve
due to the lack of energy storage capability. At the end of three
cycles, the total water yield of GHE-TSC reached 14.6 kg m ™2,
which was 20% higher than that of GHE-EPC (12.2 kg m™?) and
almost double that of GHE (7.4 kg m™~?). The major difference in
the evaporation performance arose when the illumination was
turned off (Fig. S15, ESIT). Although the structural and chemical
separation of the ISTSE minimizes direct chemical bonds
between its components, maintaining strong physical contact
is essential. The compressible hydrogel is intentionally designed
to be slightly larger than the opening in the TSC, ensuring a snug
fit that enhances mechanical interlocking. This tight fit max-
imizes the surface area for heat exchange, thereby improving
thermal conductivity across the interface and maintaining struc-
tural integrity. Consequently, the latent heat released from the
TSC can be effectively transferred to the GHE, maintaining a
high evaporation rate of 2.7 kg m~> h™" during the dark cycles,
which was 54% and 246% higher than that of GHE-EPC and
GHE, respectively. It is worth noting that this high evaporation
rate of GHE-TSC achieved under dark conditions was even
higher than that of GHE under illumination, demonstrating
the effectiveness of GHE-TSC for extending the water production
to the weather condition with intermittent sunlight. The eva-
poration efficiency of the GHE-TSC under intermittent illumina-
tion was determined to be ~200%. This was 114% higher than
that of the GHE alone, which has an efficiency of ~95%. The
significantly enhanced energy efficiency exceeding 100% for the
GHE-TSC was due to the presence of the TSC, which released
the stored energy during periods without direct solar input,
providing additional heat to the GHE. This process effectively
increased the total evaporation without requiring additional
energy input, demonstrating the effectiveness of thermal storage
to optimize energy utilization. To quantify the contribution of
thermal energy storage to the evaporation, extra powers provided
by TSC to GHE for evaporation were calculated during the
illumination-dark cycles, as shown in Fig. 4h. The extra power
provided by EPC was also calculated for the benchmark, which
increased over time during illumination but dropped signifi-
cantly once the illumination was turned off due to lack of
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thermal energy storage capability. In contrast, TSC provided a
more stable and higher power supply to GHE for evaporation
throughout the cyclic illumination-dark tests, highlighting the
important role of thermal energy storage in maintaining stable
high performance for evaporation under intermittent sunlight.
The above performance was achieved under a standard
1-sun irradiation, which increased the temperature of TSC up
to 40 °C (Fig. 4d), allowing only solid-solid phase transition of
PW with a transition temperature of ~ 34 °C (Fig. 4a). Although
the latent heat storage capacity was limited under 1 sun
because solid-solid phase transition constituted an enthalpy
of only 30 J g, the absence of solid-liquid phase transition
was favorable to avoid leakage of melting PW and large volume
change, achieving highly stable thermal energy storage and
release over 10 repeated cycles (Fig. S16, ESIt). Nonetheless,
concentrated sunlight can be used when high water production
rate is required to increase the temperature of TSC over the
solid-liquid phase transition temperature of ~54 °C (Fig. 4a)
so that the total phase change enthalpy of ~180 J g * can be
fully utilized. As a demonstration, the evaporation performance
of GHE-TSC under 2-sun illumination was also studied and
compared with that under 1 sun for the same three illumina-
tion-dark cycles (Fig. S17, ESIf). The surface temperature of
TSC grew much faster under 2 suns than 1 sun, exhibiting a
distinct variation in the slope between approximately 47 and
54 °C because of the solid-liquid phase change of PW, and
ultimately reaching ~65 °C after 60-min illumination (Fig.
S17a, ESIt). Upon cooling, the temperature profile also showed
a change in slope from 49 to 44 °C corresponding to the
thermal energy release associated with the solidification of
PW. The temperature returned to 38 °C at the end of the first
cycle, elevating the highest and lowest temperatures of the
subsequent cycles. The high temperatures of TSC especially
maintained in the dark period directly translated into the high
evaporation surface temperatures (Fig. S17b, ESIT). The surface
temperature of GHE increased up to ~50 °C under two suns for
the second and third cycles and maintained well over 30 °C
with obvious arrests in temperature drops even in the dark
condition. Such high surface temperatures led to significantly
improved evaporate rates of 5.8 kg m >h *and 3.6 kgem >h?,
under illumination and dark conditions, respectively, when
compared to those under one-sun (Fig. S18a and b, ESIt). To
highlight the freshwater production under real intermittent
sunlight exposure, the evaporation performance of the ISTSE
device was also evaluated under the solar irradiation of 0.5 sun
across three consecutive light on and off cycles (Fig. S18a and b,
ESIt). At 0.5 sun, the evaporation rate of GHE-TSC was
2.3 kg m 2 h™'. After the light was turned off for 30 minutes,
the average evaporation rate was 1.9 kg m~> h™". These results
demonstrate that even under reduced sunlight exposure
(0.5 sun), significant evaporation occurs, supporting the feasi-
bility of freshwater production under real-world conditions
where sunlight exposure may be intermittent or less intense.
The ISTSE device demonstrated a stable evaporation rate of
~3.5 kg m~> h™" during 24-hour continuous seawater evapora-
tion, with no salt crystals forming on the evaporation surface as
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shown in Fig. S19a (ESIt). This indicates effective desalination
and evaporation performance. The salt rejection mechanism,
which involves enhanced downward ion transport due to the
gradient pore channels, was discussed in detail in our previous
study.”® In addition, the concentrations of various ions in sea-
water before and after desalination were measured (Fig. S19b,
ESIt), confirming the high quality of the condensed water. This
suggests that the device effectively removes salts and impurities
from seawater. The potential material degradation mechanism
could include UV degradation due to prolonged exposure to
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Materials Horizons

sunlight and fatigue resulting from mechanical stress caused by
thermal expansion and contraction during day and night cycles.

Outdoor water evaporation tests

We performed outdoor tests to further evaluate the thermal
storage performance of TSC and its effect on the water produc-
tion under realistic weather conditions. As shown in Fig. S20
(ESIT), two experimental setups, one contained GHE and the
other being the ISTSE device made from GHE-TSC, were placed
next to each other for testing in an open area at Hung Hom,
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Hong Kong, on both a sunny day (2nd November 2023) and a
cloudy day (3rd November 2023) from 11:00 a.m. to 3:00 p.m.
To minimize the effect of wind and heat loss, wind shields and
thermal insulation were applied. It should be noted that
temperature and humidity significantly influence the evapora-
tion performance, which is a diffusion process driven by the
vapor concentration difference between the evaporation surface
and ambient air. A higher temperature and higher relative
humidity can lead to a higher actual vapor density in the air,
significantly slowing down the evaporation process since the
water vapor concentration difference between the evaporation
surface and ambient air is reduced. In addition, the air move-
ment (e.g. wind in outdoor experiments) can remove the
saturated layer of water vapor above the evaporation surface,
further promoting the evaporation and leading to a much
higher evaporation rate.

On the sunny day, the ISTSE device exhibited a total water
generation of ~20 kg m™?, 71% higher than that generated by
the GHE alone, as shown in Fig. 5a. On the cloudy day, the solar
irradiation was intermittent (Fig. 5b). Nonetheless, the ISTSE
device still achieved a water generation of ~21 kg m™2, 58%
higher than the GHE alone. Fig. 5c shows a higher water
evaporation rate of the ISTSE device compared to the GHE
alone on the sunny day, with a maximum rate difference of
~3 kg m > h™", due to the additional heat source from TSC to
GHE under solar irradiation. Even under cloudy conditions, the
ISTSE device also exhibited a ~2 kg m~> h™" higher evapora-
tion rate than GHE alone (Fig. 5d). The outdoor tests demon-
strated superior performance of the ISTSE device over the GHE
alone under both sunny and cloudy conditions. An additional
outdoor test was conducted to evaluate and compare the water
evaporation performance of GHE-EPC and GHE-TSC (Fig. S21,
ESIY). The evaporation rate of GHE-TSC was lower than that of
GHE-EPC before 12:30 p.m. (Fig. S21b, ESIf). This is likely
because the TSC stored part of the absorbed thermal energy as
latent heat, resulting in a smaller increase in the evaporation
rate of GHE in the GHE-TSC device compared to the GHE-EPC
device. Once the solid-solid transition in the TSC was com-
pleted, the evaporation rate of GHE-TSC increased, as no
additional energy was required for latent heat storage, allowing
all extra heat to be directed to the GHE for enhanced water
evaporation. Notably, the evaporation rate of GHE-TSC sur-
passed that of GHE-EPC when the ambient temperature
dropped (Fig. S21a, ESIt), indicating that latent heat release
helped maintain the high evaporation rate of GHE-TSC.

To assess the practical versatility of the ISTSE device, a steam
generation chamber containing the ISTSE device for water
collection was placed outdoors from 10:40 a.m. to 6:00 p.m. on
25th March 2025 (Fig. S22a, ESIT). Under direct sunlight, vapor
was generated and condensed on the inner surface of the
chamber, as illustrated in Fig. S22b (ESIf). The condensed
droplets were subsequently collected through the chamber’s
bottom outlet. After ~7 hours of sunlight exposure, the cumu-
lative water production was about 13 kg m~? (Fig. S22c, ESI{),
resulting in an average water collection rate of 1.8 kg m™> h™*,
demonstrating a significant potential for freshwater generation.
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Conclusions

In summary, we developed a heterogeneous 3D graphene architec-
ture featuring structurally and functionally distinct TSC and GHE
with contrasting k& and hydrophilicity for integrated solar-thermal
storage and evaporation. The TSC, featuring a thermally conductive
network of interconnected graphene and CNTs, achieves an
enhanced thermal conductivity of 1.27 W m~' K" and impressive
solar absorption of approximately 96%. The carbon framework and
PW within the TSC are highly hydrophobic, resulting in a water
contact angle of 102°. In contrast, the GHE exhibits varied thermal
conductivities of 0.65 W m~' K™ ' on the evaporation surface and
0.47 Wm™ ' K ' in the thickness direction. This design, featuring
radiating pore channels, allows heat released by the TSC to rapidly
disperse across the evaporating surface while minimizing thermal
conduction through the thickness, thereby reducing heat loss to the
bulk water. The hydrophilic GHE ensured rapid water transport,
while the hydrophobic TSC kept the device afloat. Thanks to their
contrasting & values, the TSC efficiently converted solar energy into
heat and transferred it to the GHE for water generation. This
resulted in an evaporation rate of 3.6 kg m~> h™" under one sun.
Notably, the TSC stored excessive heat during illumination periods.
This stored thermal energy was then released during dark periods,
maintaining a consistent and high evaporation rate of 2.7 kg m™>
h™' solely relying on the heat released from the TSC. Over three
illumination-dark cycles, the ISTSE device produced 14.6 kg m > of
water, nearly doubling the output of the hydrogel evaporator alone.
Our work highlights the potential of integrating thermal energy
storage into solar evaporators, enabling sustained freshwater gen-
eration under realistic intermittent sunlight conditions.
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