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ABSTRACT

Solar-driven water evaporation is a promising approach to ease the problem of global water shortages
using sustainable energy. Numerous research works have been focused on the development and
optimization of solar absorbers to achieve highly efficient interfacial solar vapor generation. However,
it remains a great challenge to achieve high-performance water generation due to the intermittent solar
irradiation. Herein, an integrated structure consisting of graphene microlattice (GML) filled with carbon
nanotubes (CNT) reinforced phase change material (PCM) for thermal energy storage and graphene
oxide (GO)-based hydrogel for water evaporation was developed to extend the duration of water
generation. The CNT-GML/PCM composite not only acts as an additional heat source under solar
irradiation, achieving a high evaporation rate of 3.55 kg/m? h under one sun, but also releases latent heat
to the hydrogel evaporator when the solar illumination was turned off, maintaining a high evaporation
rate of 2.67 kg/m? h for 30 minutes. This value is even higher than the evaporation rate of GO-based
hydrogel evaporator, which is 2.08 kg/m? h under one sun. During three 60-minute on and 30-minute
off cycles, the total water generation of the integrated structure reached to 14.64 kg/m?, which is almost
a double of the hydrogel evaporator only (7.39 kg/m?), thanks to the additional heat supply from CNT-
GML/PCM composites. This work demonstrates an effective strategy to prolong the duration of water
generation under practical intermittent sunlight conditions by integrating thermal energy storage
capability into solar evaporators.

1 INTRODUCTION

Solar-driven water evaporation plays a critical role in freshwater generation by harvesting solar
energy and converting it to heat using light-absorbing evaporators consist of nanofillers such as graphene
oxide (GO) [1, 2], carbon nanotubes (CNT) [3-5] and MXene [6, 7]. In the past decade, myriad research
efforts have been devoted to engineering the solar evaporators for broadband solar absorption, reduced
heat losses, and efficient water supply for high-performance water evaporation [8]. In particular,
constructing three-dimensional (3D), highly porous microstructures of nanocomposite evaporators have
been demonstrated as an effective approach to achieve excellent thermal management, fast water
transport and high sunlight absorption simultaneously, leading to a high evaporation rate of ~2 kg/m? h
[6, 9-11]. Recently, hydrogel-based evaporators, such as hydrophilic polyvinyl alcohol (PVA)
hydrogels, with superior evaporation rate (>3.0 kg/m? h) have been developed by exploiting the
abundant hydroxyl groups (-OH) in polymer networks. The strong interaction between hydrophilic
polymer chains and water molecules can form layers of intermediate water, which have lower
evaporation enthalpy than free water [12-14]. As such, less energy is needed for hydrogel evaporators
to generate the same amount of water when compared to conventional ones. Although the performance
of water evaporation has been significantly improved by tailoring the composition and microstructure
of evaporators, it is still very challenging to translate the evaporators from laboratory standards to
practical freshwater production due to the intermittent sunlight conditions in practice. Therefore, it is
highly desirable to develop an advanced solar-driven evaporation system that can overcome the
challenges caused by intermittent solar irradiation.

Recently, interfacial evaporators using phase change material (PCM) microcapsules as both solar
absorbers and thermal energy storage have been developed [15, 16]. The PCM microcapsule-based
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evaporation systems exhibited high evaporation rates of >2 kg/m* h under one sun. The presence of
PCM microcapsules also maintained a high evaporation rate during the light on/off cycles,
demonstrating continued evaporation performance due to the intermittence of solar irradiation.
However, the microcapsules were separated by a cotton pad for water supply and thus were not
interconnected, leading to limited contact areas between microcapsules and a low thermal conductivity
of the interfacial evaporation layer despite their broadband light absorption and high photothermal
conversion. As such, the heat absorbed by the microcapsules on the top layer might not be effectively
transferred to and stored in the microcapsules underneath, limiting the thermal energy storage efficiency
and water evaporation rate. In addition to PCM microcapsules, paraffin block was also integrated into
polypyrrole (PPy)-based evaporator to enhance the evaporation performance under intermittent solar
irradiation [17]. Similarly, the low thermal conductivity of paraffin block without thermally conductive
network also restricted the thermal energy storage performance of the integrated device. So far, the
rational design of advanced evaporation systems by integrating thermal storage composite to solar
evaporators is still a very challenging task. Besides, there lacks a clear guideline for more effective
evaluation and comparison of the thermal storage efficiency for all-weather freshwater generation of
those advanced systems reported previously.

Herein, we aim to develop an integrated evaporation system with both high thermal energy storage
and water evaporation performance to extend the duration of freshwater generation, as shown in Fig. 1.
Highly connected graphene microlattice (GML) filled with PCM was used for thermal storage. Carbon
nanotubes (CNTs) were added into the PCM to form additional thermally conductive network for
improved thermal storage efficiency and enhanced solar absorption. A novel plate freeze-casting
technique was also developed to produce graphene oxide (GO) reinforced PVA hydrogels with pore
channels in radiating pattern for balanced thermal management and gradient pore size for high water
transport. Under solar irradiation, the CNT-GML/PCM composite functioned as an additional heat
source to GO/PVA hydrogel evaporator, achieving a high evaporation rate of 3.55 kg/m* h under one
sun. Surprisingly, the integrated device maintained an evaporation rate of 2.67 kg/m? h for 30 minutes
when the solar illumination was turned off, thanks to the latent heat released from the CNT-GML/PCM
composite. The total water generation of the integrated structure for three consecutive light-on (60
minutes) and light-off (30 minutes) cycles reached to 14.64 kg/m?, twice as high as that of the hydrogel
evaporator (7.39 kg/m?). This work presented an effective strategy to prolong the duration of water
generation under practical intermittent sunlight conditions by integrating thermal energy storage
capability into solar evaporators.

Thermal energy storage and release Balanced thermal management
P Heat supply
" (CNT-GML/PCM )

Heat localization Heat conduction

Additional heat source
(CNT-GML/PCM )

All-weather freshwater generation system

Fig 1. Rational design of solar-driven evaporation system for all-weather freshwater generation.
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2 METHODOLOGY
2.1 FABRICATION OF THERMAL STORAGE COMPONENT

3D graphene structures were fabricated on Ni microlattice template by chemical vapor deposition
(CVD) [18]. After the etching of the Ni template, a free-standing GML with pore size of several hundred
micrometers was obtained. Paraffin wax used as PCM was melted at 70°C and mixed with S5wt% CNTs
for enhanced thermal conductivity and solar absorption. Then, the CNT/PCM mixture was infiltrated
into the 3D structure under vacuum condition. The center of solidified CNT-GML/PCM composite was
cut and assembled into an integrated device.

2.2 FABRICATION OF EVPORATION COMPONENT AND THE INTEGRATED DEVICE

A PVA solution was obtained by dissolving PVA powders in deionized (DI) water at 90°C with
stirring for 2 hours. The PVA solution was then mixed with a GO solution under vigorous stirring for
30 min, followed by a plate freeze-casting technique, as shown in Fig. 2a. The ice crystals grew in a
radiating pattern from the center cold source to various points on the edges. The frozen sample was
placed in a freezer at -40°C overnight to allow the completion of physicochemical crosslinking, followed
by thawing at ambient to obtain a GO/PV A hydrogel. Afterward, the hydrogel was placed at the center
of CNT-GML/PCM composite to form an integrated device (Fig. 1).

2.3 CHARACTERIZATIONS

The microstructures of GO/PV A hydrogels and CNT-GML/PCM composites were characterized by
a scanning electron microscopy (SEM, Hitachi TM3030). The solar absorption was calculated by a =
1 —R—T, where R is the reflectance and T is the transmittance of samples. Both R and T were
determined using an ultraviolet (UV)-visible-near infrared (NIR) spectrometer (Perkin Elmer Lambda
950) in a wavelength range of 0.25-2.5 pm. The solar weighted absorption was calculated according to
the specification, ASTM G173-03. The heat capacity of CNT-GML/PCM composites was obtained
using differential scanning calorimeter (DSC, Mettler Toledo).

The solar steam generation tests were carried out using a customized setup, which consists of a solar
irradiation simulator (Xenon lamp, PLS-SXE300) with a solar filter and diffuser to ensure the solar
spectrum range and uniform light intensity, and an analytical balance (FA 2004) with an accuracy of 0.1
mg. The light intensity was measured using a full spectrum light power meter (PL, MW2000). The test
setup was enclosed in an opaque chamber with interior temperature of 23 — 25°C and humidity of 40 —
45% under a breezeless condition. The analytical balance was connected to a computer to record the
time-dependent mass change of water due to steam generation. The surface temperatures of GO/PVA
hydrogels and CNT-GML/PCM composites during the solar steam tests were monitored using the
thermocouples (CENTER-309 Portable Digital Thermometer).

3 RESULTS AND DISCUSSION

3.1 FABRICATION AND WATER EVAPORATION PERFORMANCE OF GO/PVA
HYDROGELS

The root-like structure with unique hierarchical pore channels of GO/PV A hydrogels were produced
using the plate freeze-casting technique, as shown in Fig. 2a. The radiating pattern (Fig. 2b,c) and
gradient pore channels boosted water transport in the hydrogel. The presence of abundant, small pores
on the evaporation surface (Fig. 2d) also offered a larger surface area for interfacial evaporation. Thanks
to the highly porous structures created by freeze-casting, both GO/PV A hydrogels fabricated using plate-
freezing and unidirectional-freezing exhibited the same, high solar-weighted absorption of 94% (Fig.
2¢). Due to the better thermal management of root-like structure, the surface temperature of GO/PVA
hydrogels fabricated using plate-freezing reached to 32°C under one sun (Fig. 2f), 2°C higher than the
hydrogel produced using unidirectional-freezing. These resulted in a higher evaporation rate of the
GO/PVA hydrogel fabricated using plate-freezing (2.24 kg/m*> h) when compared to the sample
fabricated using unidirectional-freezing (1.93 kg/m? h), as shown in Fig. 2g.
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Fig. 2. Fabrication and water evaporation performance of GO/PVA hydrogels. (a) Schematics of the set-
up and operating principle of the plate freeze-casting for GO/PVA hydrogels. SEM images showing
(b,c) the pore channels in radiating pattern and (d) the highly porous evaporation surface. Scale bars:
100 pm. (e) Solar absorption spectra of GO/PVA hydrogels fabricated using different freeze-casting
methods. (f) Surface temperatures and (g) time-dependent mass changes of GO/PV A hydrogels under
one sun.

3.2 LIGHT ON/OFF CYCLES FOR THE INTEGRATED DEVICE

Since epoxy cannot store thermal energy, as shown in Fig. 3a, CNT-GML/epoxy composite was used
as a control to evaluate the effect of thermal energy storage for water evaporation. Due to the high
surface area of GML, the GML-based composites have abundant GML/epoxy or GML/PCM interfaces
with mismatched refractive indices, promoting extensive light scattering. Together with the presence of
CNT, the solar-weighted absorption of both CNT-GML/epoxy and CNT-GML/PCM composites
reached to 96%, as presented in Fig. 3b. The hydrogel evaporators surrounded by these composites (Fig.
1) showed higher surface temperatures than the hydrogel alone under one sun (Fig. 3¢). This could be
attributed to the additional heat supply from the GML samples to the hydrogel evaporators under solar
illumination. As such, the light-on evaporation rates of hydrogels equipped with CNT-GML/epoxy and
CNT-GML/PCM composites are 3.20 and 3.55 kg/m? h respectively, as shown in Fig. 3d and 3e, both
are higher than that of hydrogel only (2.08 kg/m? h).

Thanks to the latent heat released from the PCM after turning the light off, the cooling rate of
hydrogel equipped with CNT-GML/PCM composites was significantly reduced (Fig. 3c) when
compared to hydrogel only and hydrogel equipped with CNT-GML/epoxy composite, maintaining a
high evaporation rate of 2.67 kg/m* h during the 30-minute light-off cycle. It is worthy to note that this
value is even higher than the light-on evaporation rate of hydrogel only, demonstrating the effectiveness
of CNT-GML/PCM composite for extending the operation duration of solar evaporators under
intermittent solar irradiation. As shown in Fig. 3f, the integrated hydrogel evaporator and CNT-
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GML/PCM composite exhibited both a high evaporation rate under one sun and high freshwater
generation per unit solar energy input under light on/off cycles compared to the state-of-the-art solar
evaporators [5-7, 14, 19-27] and integrated devices [15-17, 28]. Therefore, the rational design of the
integrated device consisting of GO/PVA hydrogels and CNT-GML/PCM composites offered a
promising solution for more energy-efficient water evaporation under intermittent solar irradiation.
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Fig. 3. Water evaporation performance of the integrated device under light on/off cycles. (a) DSC
thermograms of GML samples. (b) Solar absorption spectra of GML samples. (¢) Surface temperatures
and (d) mass changes of hydrogel evaporators equipped with CNT-GML/epoxy and CNT-GML/PCM
composites during three light on-off cycles under one sun. (¢) The light-on and light-off evaporation
rates averaged from three cycles. (f) Comparison of water generation per unit energy input and light-on
evaporation rate under one sun with different solar evaporators [5-7, 14, 19-27] and integrated devices
[15-17, 28] reported in the literature.

4 CONCLUSIONS

In summary, an integrated device consisting of GO/PVA hydrogel as solar evaporator and CNT-
GML/PCM composite as thermal energy storage device was developed for highly efficient solar-
powered freshwater generation. The radial pore channels and balanced thermal management of GO/PVA
hydrogels contributed to a high evaporation rate of 2.24 kg/m? h under one sun irradiation. The CNT-
GML/PCM composite functions as an additional heat supply to the hydrogel evaporator, further
enhancing the light-on evaporation rate to 3.55 kg/m? h. During the 30-minute light-off cycle, the latent
heat stored in the CNT-GML/PCM composite was released to the hydrogel evaporator to continue the
water evaporation process, maintaining a high evaporation rate of 2.67 kg/m? h in the dark condition.
This work proposed a rational design of integrating thermal energy storages into the water evaporators
to prolong the operation of water generation under practical intermittent sunlight conditions.
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