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ABSTRACT

Atmospheric water, as one of the most abundant natural resources on Earth, has attracted huge research interest in the field of
water harvesting and energy harvesting and conversion owing its environmental friendliness and easy access. The
developments of new materials have seen advanced technologies that can extract water and energy out of this long-neglected
resource, suggesting a promising and sustainable approach to address the water and energy crises over the world. Carbon-
based functional materials have been considered to be indispensable materials for atmospheric water utilization due to their large
surface area, excellent adsorption performance, and higher surface activity. In this review, first, we analyze the interaction
between carbon-based functional materials and atmospheric water molecular. Then, technologies developed in recent years for
atmospheric water utilization based on carbon-based functional materials are reviewed, mainly focusing on atmospheric water
harvesting, moisture-enabled electricity generation, and moisture-responsive actuation. Finally, the remaining challenges and
some tentative suggestions possibly guiding developments are proposed, which may pave a way for a bright future of carbon-

based functional material in the utilization of atmospheric water.

KEYWORDS

carbon-based functional material, atmospheric water, atmospheric water harvesting, moisture-enabled power generator,

moisture actuators

1 Introduction

Since the demand for water and energy has increased as a result of
population increase, industrialization, urbanization,
environmental degradation, and climate change, seeking easily
accessible water and sustainable clean energy for human survival
has become one of the important issues concerned by the whole
society [1-5]. Atmospheric water is omnipresent in the air
regardless of geographical or hydrologic circumstances, and plays
an important part in the global hydrologic cycle since it contains
enormous volumes of water and energy [6,7]. Therefore,
exploring advanced technologies that can collect water and energy
from this long-neglected resource suggests a potential and
sustainable strategy to address the water and energy crisis.

With the developments of functional materials, advanced
technologies of extracting water and energy out of atmospheric
water based on interaction between functional materials and
atmospheric water molecular have materialized in recent years,
suggesting a promising approach to address the water and energy
crises. These technologies include atmospheric water harvesting
which refers to the direct generation of water from moisture, and
energy harvesting by moisture-enabled electricity generators and
actuators which transfer chemical energy from moisture diffusion
into electrical or mechanical energy via the interaction between
moisture and a variety of materials [8-10]. For water harvesting,
functional materials can capture the water molecular from
ubiquitous moisture via absorption or adsorption, which refers to

the attachment of water molecules to materials through physical
or chemical processes (Figs. 1(a) and 1(b)) and releasing water
during desorption stage. Energy harvesting based on interaction
between functional materials with water molecular in atmospheric
moisture mainly involved in process of water adsorption and
solvation effect induced ions dissociation and diffusion (Fig. 1(c)).
By artificially constructing asymmetrical material components or
device structures, a concentration gradient of dissociated charge
carriers can form across the material, leading to an induced
potential between two electrodes [11-14]. Besides, the interaction
between atmospheric water and functional materials will induce
material deformation (Fig. 1(d)), usually swelling during water
adsorption and shrinking during dehydration, achieving energy
harvesting and conversion [15,16]. In these processes, the
properties of functional materials should be considered and meet
the following requirements: affinity to moisture, which affects the
adsorption capacity of material; rich in polar oxygen-containing
functional groups, which enables the material to capture water
molecules from air through hydron bonding and provides the
dissociated ions during hydration; specific surface area, which
determines the number of adsorption sites available on sorbents;
pore features including pore size, distribution, and connectivity,
which affects the kinetics of adsorption/desorption, speed of mass
exchange, and the adsorption capacity; and thermal/electrical
conductivity, which facilitates heat exchange, charge transfer, and
the adsorption/desorption of water molecular.
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Based on the abundant nanoscale morphologies, high surface
area, good electrical conductivity, easily regulation chemistry
characters, diverse macroscopic assemblies, and fast adsorption
and desorption kinetics, carbon-based functional materials (e.g.,
active carbon, carbon nanotube, graphene, and their derivatives)
have been considered to have key factors mentioned above and
demonstrate promising capacity for atmosphere water utilization
[17-21]. In this review, first, we set forth th basic mechanism of
interaction between carbon-based functional materials and
atmosphere water molecular. Then, technologies developed in
recent years to water and energy harvesting from moisture based
on carbon-based functional materials are reviewed, mainly
focusing on atmospheric water harvesting, moisture-enabled
electricity generation, and moisture-responsive actuation. Finally,
the remaining challenges and some tentative suggestions possibly
guide developments of carbon-based functional materials for
atmosphere water utilization, assisting in addressing the water and
energy crises in future.

2 The interaction of carbon-based functional
materials with atmospheric water

Carbon, an abundant element in the universe and on Earth,
widely exists in different allotropes for natural and artificial
materials [22]. The discovery of fullerene in 1985 has opened a
new branch of carbon chemistry, covering various types of carbon
nanostructures such as carbon nanotube (CNT), graphene,
graphdiyne, and their derivatives [23-30]. Because of excellent
chemical stability, good electrical conductivity, large specific
surface area, unique porosity, and multifarious structure, carbon-
based functional materials have attracted extensive research
interest in adsorption [31-33], electrochemistry [34-36], catalyst
[37-40], pollutant removal [41-44], biosensing [45], storage and
conversion [46-52], and electronic device [53-54].

For atmospheric water utilization, large specific surface area of
carbon-based materials provides huge contact space with water
molecules firstly. Second, easily-regulated groups including oxygen-
containing functional groups or functional nanomaterials benefit
water adsorption process greatly, as well as the enormous capillary
force formed by the nanoscale confined space. Third, diverse
macroscopic assemblies (e.g., foam, film, and fiber) bring a variety
of and unusual microstructures for improving inner charge
transfer and improve the corresponding kinetics of water
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Figure1 The interaction between atmosphere water and functional materials. (a) Chemisorption. (b) Physisorption. (c) Water adsorption induced ions dissociation
and diffusion. (d) Water adsorption induced functional material deformation.

adsorption/desorption process. The primary adsorption active
sites for water molecules on carbon-based functional materials are
assumed to be oxygen-containing functional groups, which
determine how water adsorption begins [55-58]. The
concentration and type of oxygen-containing functional group as
well as their location and distribution on the surface of carbon-
based functional material significantly influence the water
adsorption behaviors [59-61]. Besides, the adsorbed water
molecules can act as nucleation sites for further adsorption of
water via hydrogen bonds, which eventually induces hydration
layers and water clusters on the surfaces or pores of carbon-based
functional material. So, the water adsorption on carbon-based
functional material is also affected by surface structure and pore
structure such as pore size distribution and the pore connectivity
[62-66]. These benefits have encouraged the utilization of carbon-
based functional materials for atmospheric water harvesting,
moisture-enabled electricity generation, and moisture-responsive
actuation.

3 Carbon-based functional materials for

atmospheric water harvester

Atmospheric water harvesting (AWH) technology, as one of the
decentralized strategies for freshwater generation, has the potential
to provide flexible, distributed, community-managed, off-grid
access to safe, and potable water, particularly in areas where water
scarcity is geographically or economically presented [67-70].
There are different ways for AWH such as fog collection by using
large nets to capture water droplets suspended in air, cooling air
below its dew point to collect water, and sorbent-assisted
harvesting by chemical or physical processes adsorption process.
Sorbent-assisted AWH demonstrates superiority in terms of
applicability to a wide variety of climates and geographies, water
production, and energy efficiency, which includes following
processes: moisture capture, water releasing, and collecting. These
processes can be regulated by optimizing the physical or chemical
interactions between water and sorbent materials. In this section,
we mainly introduce the application of carbon-based functional
materials in AWH technology and ways to improve the kinetics of
water adsorption/desorption for highly efficient water harvesting
in order to clarify the relationship between material structure and
performance of atmospheric water harvester.

The extremely easy functionalization of carbon-based
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functional materials makes them useful for improving the
performance of AWH through the introduction of oxygen-
containing functional groups. Graphene oxide (GO) possesses rich
oxygen-containing functional groups like carboxyl (-COOH), and
hydroxyl (-OH) confers important role for the AWH based on
the interaction between surface functional group and water
molecule [71-73]. As shown in Fig 1(b), due to the larger
proportion of hydrophilic functional groups, membrane-like GO
prepared by vacuum filtration exhibits high water adsorption
capacity, which is at least two times higher than that of a
conventional desiccant material such as silica gel across the tested
range of relative pressure [71].

Oxygen-containing functional groups, which determine how
water adsorption begins, can profoundly change the adsorption
behaviors of carbon-based materials. Thus, the water adsorption
properties can be further regulated by the modification of other
carbon-based functional materials with different kinds of
functional group. Huang and co-workers adopted a low
temperature oxygen plasma technology to introduce oxygen-
containing functional groups on surface of activated carbon fibers
(ACFs), which increases carbon atoms with unpaired electrons as
active sites to improve moisture adsorption, lighting on the
potential application in harvesting water from air at low relative
humidity [74]. Kim and workers also demonstrated that oxygen
functional groups on activated carbon (AC) surface play a critical
role for moisture adsorption [75]. The surface functionalities, in
particular -COOH and sulfonic acid (-S=0) functional groups on
carbon surface, may govern the adsorption of moisture at low
relative humidity (RH); while the other types of oxygen functional
groups, such as -OH, may contribute to the adsorption of
moisture at medium or high RHs. Therefore, optimizing the
functional groups on surface of carbon-based functional materials
would be an effective strategy to improve the performance of
water adsorption for productive water harvesting.

In addition, based on high specific evaporation surface area,
excellent photothermal property, and thermal conductivity,
carbon-based functional materials have been demonstrated to
incorporate with hygroscopic materials including polymer
hydrogels [76], hygroscopic salts [77-80], and MOFs [81, 82] as
composite moisture-harvesting materials to further improve
moisture adsorption capacity and promote the desorption process
driven by natural sunlight or low-grade waste heat for efficient
atmospheric water harvester. For example, Wang and coworkers
developed a polyacrylamide (PAM)-CNT-CaCl, hybrid composite
(Fig. 2(a)) with outstanding water adsorption capability as an
effective photothermal water sorbent for AWH [76]. CNT is used
as the photothermal component due to its chemical stability,
superior light absorbance and outstanding light-to-heat
conversion efficiency as demonstrated in Refs. [83, 84]. With RH
increasing from 10% to 80%, the water uptake of PAM-CNT-
CaCl, samples increases from 5% to 173% (Fig.2(b)). At an
outdoor experiment, the device quickly delivered ~ 20 g of fresh
water within just 2.5 h under natural sunlight, demonstrating its
promising for practical application. Wang and co-workers [79]
introduced an atmospheric water generator using GO-based
aerogel with a high-concentration liquid sorbent (CaCl, 50 wt.%
solution) system that enables efficient and effective desorption out
of the sorbent through interfacial heating during day time (Figs.
2(c) and 2(d)). As a result, fresh water (2.89 kg-m™day™) can be
produced at about 70% RH, with only solar energy input and
energy efficiency of desorption as high as 66.9%. Recently, Hu and
coworkers [81] prepared CNTs decorated hollow MIL-101(Cr)
(HMC) particles for solar-driven atmospheric water harvesting
with nice water adsorption capacity and fast kinetics (Fig. 2(e)).
The composites achieved a maximum water uptake of 1.074 g-g*

at 90% RH and the water adsorption capacity at low humidity
(40% RH) is 113% higher than that of pure MIL-101 (Fig. 2(f)).
These progresses prove that synergistic functions of carbon-based
functional material with other hygroscopic materials significantly
promote the performance of AWH.

Rational structure optimization of carbon-based composites can
further improve the adsorption/desorption kinetics of water
molecules, so as to achieve more efficient AWH device. Yao and
co-workers demonstrated a highly efficient clean water production
system based on a rationally designed sodium polyacrylate
(PAAS)/graphene framework (PGF) [85]. As shown in Fig. 3(a),
PAAS is well dispersed in a GO dispersion and through a freeze-
drying process as well as reduction under the vapor of N,H,-H,0
to obtain PGF with homogeneous microporous structure with a
pore size ranging from 30 to 50 pm and porosity of up to 99%.
The microporous structure of PGF provides effective transport
channels and an enlarged contact area for moisture, and oxygen
functional groups of PAAS can spontaneously capture water
molecules through hydrogen bonding. As a result, the water
sorption capacity of PGF is 5.20 g-.g" at RH of 100% and 0.14 g-g™
at a low RH of 15%, which is outstanding compared with all the
previous work. And the PGF-based AWH device presents the
potential for practical application of water harvest of over 25 L-kg™
of PGF daily (Figs. 3(b)-3(d)), enough to meet several people’s
drinking water demand, demonstrating a new way for clean water
production from naturally variable atmospheric environments. Xu
and co-workers [86] reported a nanocomposite sorbent with
vertically aligned structure by confining lithium chloride (LiCl) in
a reduced graphene oxide (rGO) and sodium alginate (SA) matrix
(LiCl@rGO-SA) (Fig. 3(e)). The sorbent shows high water uptake,
as high as thrice its weight. Moreover, LiCl@rGO-SA exhibits fast
sorption—desorption kinetics enabled by the vertically aligned and
hierarchical pores of the rGO-SA matrix as moisture transfer
channels (Fig. 3(f)). To demonstrate its practical application, a
scalable solar-driven rapid-cycling continuous atmospheric water
harvester with synergetic heat and mass transfer enhancement was
developed, realizing eight continuous water capture-collection
cycles per day and ultrahigh water productivity up to
2120 mL,gerkgorpen day™ from dry air without any other energy
consumption. Very recently, lithium chloride-incorporated holey
graphene aerogel fiber (LiCI@HGAFs) with highly efficient
moisture capture is reported by Hou and co-workers [80]. Holey
graphene aerogel fiber was prepared via wet spinning, HI
reduction, and supercritical drying. LiCl was introduced by simple
impregnation. The holey graphene aerogel porous matrix provides
not only sufficient binding sites and surface area for water uptake
but also abundant water transport pathways through the etched
nanopores. As a result, LICI@QHGAFs realized the water sorption
capacity over 4.15 gg' and multiple pathways to perform
sorption/desorption processes.

As mentioned above, thanks to the adjustable structures and
excellent properties of carbon-based functional materials, many
great processes have been made in the field of AWH technology.
The researchers optimized properties of the carbon-based
functional materials absorbent through surface modification,
structure design, and materials compositing, which improved the
water molecule capture ability of material and accelerated kinetics
of adsorption/desorption in AWH technology. These strategies
significantly enhance the performance of AWH device, which
makes it more accessible for efficient water production.

4 Carbon-based functional materials for
moisture-enabled electricity generator
Moisture-enabled power generator (MEG), which harvests energy

from atmospheric water in humidity air to provide economical
and sustainable electricity, has advanced quickly and is gaining
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Figure2 (a) Conceptual design of the hybrid hydrogel (PAM-CNT-CaCl,). (b) Moisture sorption curves of PAM-CNT-CaCl, at different relative humidity.
Reproduced with permission from Ref. [76], © American Chemical Society 2018. (c) Moisture sorption on GO-based aerogels with CaCl, at nighttime. (d) Water
desorption during the daytime under sunlight and the structures of the GO-based aerogel as a salt-resistant absorber during solar water desorption. Reproduced with
permission from Ref. [79], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (e) Illustrating the water harvesting from air process for HMC composites.
(f) Time dependent water uptake of different composites at 25 °C and 80% RH. Reproduced with permission from Ref. [81], © Elsevier B.V. 2021.

popularity due to their wide range of possible applications
[87-92]. In MEG, gaseous water molecules in moist air are
captured by the functional groups of hygroscopic films such as
-OH, -COOH, and -SO;H, and converted into liquid water to
release chemical energy, which subsequently leads to the
dissociation and migration of mobile ions, giving rise to electric
voltage and current. Thus, by combining moisture, electrodes, and
specially formulated hygroscopic films, electricity may be extracted
straight from the atmosphere in this way. Since the proposed GO-
based MEG devices in 2015 [93], this technology has been rapidly
developed, and a series of functional materials have been
developed. Carbon-based functional materials and their
derivatives are of significant interest for the construction of MEG
devices for the production of electricity through water adsorption
and proton diffusion because of their readily controlled functional
groups that are abundant in hydrophilic oxygen-containing
functional groups. Moreover, macroscopic assemblies of carbon-
based functional materials including quantum dot (zero-
dimensional (0D)), fiber or nano ribbon (one-dimensional (1D)),
film (two-dimensional (2D)), and foam (three-dimensional (3D))
provide favorable advantages for high-performance and diversified
MEG systems.

The intrinsic small size, high specific surface area, and abundant
edge sites of carbon-based quantum dot provide an avenue to
good adsorption of moisture and transportation of hydrated ions

during MEG process, thus offering exciting opportunities to
achieve output performance of power generation. For example, a
high-performance moisture triggered nanogenerator is fabricated
by Huang and co-workers using graphene quantum dots (GQDs)
as the active material [94]. GQDs with oxygen-containing
functional groups were prepared by oxidation of natural graphitic
powder (Fig.4(a)) and the GQDs-based MEG was pre-treated
with an electrochemical polarization to establish an oxygen-
containing functional groups gradient for electricity generation.
Easy moisture absorption could be realized at the edges and
defects of GQDs and diffusion through the functional layer along
thickness direction, mainly owing to their tiny sizes and large
specific surface area (Fig. 4(b)). As a result, the device can deliver a
high voltage up to 0.27 V under 70% relative humidity variation
(Fig. 4(c)). Li and coworkers [95] reported a flexible MEG device
by directly printing carbon dots (CDs) on paper and a simple
method for self-establishing an ionic gradient on both sides of the
device by creating an asymmetric structure (one side of the device
is encapsulated) (Fig.4(d)), which avoids the need for pre-
processing the materials in order to create asymmetric functional
groups. Due to the difference in the concentration of the released
protons on the two sides, the carboxyl groups on CDs on the open
side of the device ionize more protons than those near the closed
side, potentially causing a decrease across the device (Fig. 4(e)).
The device can produce a sustainable voltage of 40 mV for over
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Figure3 (a) Preparation process of PAAS/PGF. (b) Schematic illustration of the device used for water sorption. (c) Photograph of the device showing water
collection. (d) Real-time changes in temperature, humidity, and water uptake in outdoor water sorption experiments. Reproduced with permission from Ref. [85], ©
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (e) A schematic of the synthesis route for vertically aligned nanocomposite sorbents (LiCl@rGO-SA). (f)
Schematic of moisture transport pathways from ambient air to the vertically aligned nanocomposite sorbent. Reproduced with permission from Ref. [86], © The Royal

Society of Chemistry 2021.

100 min at a fixed humidity value. In addition, the device
responds to direct touching of a finger or human exhalation, thus
indicating its great potential for applications in electronic skins
and humidity sensors.

Fiber-shaped MEG devices that can be directly woven into
textile fabrics for wearable electronics have attracted great
attention [96-100]. GO nanosheets with plenty of oxygen-related
groups that can be assembled into the fibers through the highly
oriented arrangement of GO sheets were used for constructing
fiber-shaped MEG device. Liang and coworkers [96] reported a
high-performance graphene fiber power generator (GF-Pg) based
on GO fiber (Fig. 5(a)). GF-Pg was fabricated by well-controlled
region-selective laser irradiation along the GO fiber to form the
reduced GO (RGO) electrodes (Fig. 5(b)). The GF-Pg has highly
oriented GO sheets assembled within the fiber, which provide
favorable channels for efficient ion transport and thus harvests

energy from the moisture (Fig. 5(c)). A single fiber generator unit
with a length of less than 1 mm and a diameter of 80 um can
generate a voltage of 0.35 V in response to the humidity variation,
which could be enhanced to 1.3 V by simply increasing the
number of device units. As a result, this moisture-enabled self-
powered fiber could be integrated into flexible textiles to realize an
information storage/expression, demonstrating the promising
applications in wearable electronics. Subsequently, Shao and co-
workers [98] also developed a coaxial fiber-shaped MEG based on
core silver wire as one electrode, covered with a power generation
shell of GO layer and then twined with another silver wire as the
counter electrode (Figs. 5(d) and 5(e)). The unique coaxial
architecture enables the moisture to diffuse directionally across
GO layer, thus leading to the directional movement of ionized H*
(Fig. 5(f)). Consequently, the as-prepared fiber-shaped MEG
device produces a power density of 0.21 pW-cm™ under moisture

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure4 Carbon-based quantum dots materials for MEG. (a) Transmission electron microscopy (TEM) image of GQDs. The inset is the corresponding high-
resolution TEM image. (b) Schemes of moisture transportation behavior on GQDs film. (c) Voltage output cycles of a typical gradient GQDs based MEG. Reproduced
with permission from Ref. [94], © American Chemical Society 2017. (d) Cross-sectional diagram of CDs/paper-based MEG device and scanning electron microscopy
(SEM) image of CDs/paper. (e) Schematic diagram of electricity-generating process of CDs/paper-based MEG device. Reproduced with permission from Ref. [95], ©

The Royal Society of Chemistry 2018.

Figure5 Carbon-based fiber materials for MEG. (a) Photograph and (b) optical microscope image of the GF-Pg. (c) The hydrogen ions were ionized under moisture,
and the hydrogen ions diffused from the oxidized end to the reduced end. Reproduced with permission from Ref. [96], © Elsevier Ltd. 2017. (d) Top-view SEM image
of the coaxial fiber-shaped MEG. (e) Cross-section SEM image of the coaxial fiber-shaped MEG. (f) Schematic illustration of the power generation mechanism of the
coaxial fiber-shaped MEG. Reproduced with permission from Ref. [98], © Elsevier Ltd. 2018.

stimulation. Moreover, the extraordinary shaping ability of the
device gives it more morphological possibilities of various shapes,
indicating the potential applications for wearable and self-powered
electronics.

Carbon-based film materials were widely used in configuration
of MEG device, which can be fabricated with significantly
increased active materials loading and enlarged electrode size for
improving the performance and achieving large-scale production
[101-114]. For example, Liu et al. [102] reported a porous carbon
film (PCF) MEG with a higher content of oxygen-containing
groups on one half and reduced content on the other half by
plasma treatment (Figs. 6(a)-6(c)). It is demonstrated that vapor
adsorption in the PCF with dissimilar amounts of proton-
donating groups on the two sides can directly create significant
electrical potential, as a result, this PCF based-MEG exhibits an
output voltage of 68 mV, stimulated by 95% RH. Cheng and co-
workers [103] demonstrated a flexible in-plane moisture-electric
converter (IPMEC) by using a large-scale GO film as active part
and in-situ laser reduced GO as electrodes, rendering it highly
flexibility, and greatly promoting the touchless interface formation

EZE A
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between this device and biological moisture sources. The
significant role of asymmetric oxygen-containing groups in
carbon material is noticeable in MEG devices. It is expected that
other functionalized carbon-based functional materials can
produced similar results. Lee and co-workers directly fabricated a
MEG device by laser-induced graphitization with a gradual
defocusing method [105]. As shown in Fig.6(d), a cellulose
substrate was placed on the sample stage of a computer-controlled
CO, laser engraver with a stage tilted at 56° to fabricate a graphitic
carbon film (GCL) with gradient oxygen-to-carbon (O/C) ratio
(Fig.6(e)). The hydrogen-containing groups (carboxyl and
hydroxyl groups) in the GCL substrate were hydrolyzed when
they were exposed to moisture, and the preexisting O/C gradient
caused a density gradient of hydrogen ions to be induced. At a
relative humidity of 70%, the resultant outputs of voltage and
current were 023 V (Fig.6(f) and 04 A-cm™ (Fig. 6(g)),
respectively.

Except above planar structure, Liang et al. [106] demonstrated
asymmetric moisturizing induced layer-packed power generation
by directly printing the GO onto a moisture insulation substrate

@ Springer | www_.editorialmanager.com/nare/default.asp
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permission from Ref. [106], © The Royal Society of Chemistry 2018.

(MIS) (Fig. 6(h)). Due to the presence of the MIS, GO nanosheets
at the naked side of a GO/MIS bilayer film may be successfully
moistened by moisture exposure, while the moisture from the
other side is severely hindered by the MIS, leading to electricity
generation (Fig. 6(i)). By customizing the connection between the
GO/MIS bilayer films, the self-charging inductive voltage output
can be increased to over 2 V, which is sufficient to power
commercial electronic devices. This work demonstrates a low-cost,
scalable, lightweight, and bendable power generation device,
opening up new possibilities for significantly expanding the
application areas of carbon material and reducing the cost of
portable electronics.

The porous structure of a 3D carbon-based foam can strongly
facilitate the diffusion of water molecules and the dissociation of
free H* ions to produce higher electrical power [115-120]. Zhao et
al. investigated the moisture power generation performance of 3D
GO assemblies [115]. The GO nanosheets were assembled into 3D
porous aerogel foams by freeze-drying, and a functional group
gradient structure inside the foam materials (g-3D-GO) was
constructed by using electrochemical polarization (Fig. 7(a)). On
the basis of the g-3D-GO with gradient oxygen-containing groups
and rich pore architecture (Fig. 7(b)), the g-3D-GO-based MEG
device produced a high output with a power density of 1 mW-cm™
and an energy-conversion efficiency of 52% under the tidal
moisture. Similar configuration is also demonstrated by Cheng
and co-workers [116], where an asymmetric porous 3D GO
material (a-GOM) was prepared by a directionally-induced
thermal reduction strategy (Fig.7(c)). Importantly, benefiting
from the functional groups-reconfiguration and inner protons
asymmetrical distribution similar to cell membranes (Fig. 7(d)), a-
GOM can proactively generate a sustained electrical voltage of up
to 0.45 V in the air. And a soft power generation package can be
constructed by orderly assembly of a-GOM in series with flexible
electrodes, which can be conveniently folded to fit in pockets as a
portable power source. Besides, based on above excellent

characteristic of 3D GO bulk, Huang et al described a novel device
consisting of a hygroscopic GO bulk with a heterogeneous
structure and well-matched electrodes [117]. As shown in Figs.
7(e) and 7(f), the heterogeneous graphene oxide (h-GO) has an
integrated structure with a thick GO layer under the gradient-
reduced GO (g-rGO) layer, which is fabricated by directionally
controlled laser irradiation. Impressively, because of the effective
synergy strategy of heterogeneous reconfiguration of oxygen-
containing functional groups on hygroscopic GO and mediation
of electrodes/materials interfaces with well-designed Schottky
junctions (Fig.7(g)), the MEG device achieves a high-voltage
output approaching 1.5 V. To further improve the 3D GO-based
MEG, Huang et al. proposed a hybrid structure consisting of
porous GO sheets coupled with an interconnected PAAS network
(GO/PAAS) [118]. This hybrid structure contains a higher density
of hydrophilic groups resulting in high moisture uptake, enabling
ion dissociation at the large number of surface functional groups
followed by efficient ion transport. And the GO/PAAS-based
device can operate at temperatures between —25 and 70 °C and
relative humidities ranging from 5% to 95%, indicating its readily
adaptable to a variety of environment conditions.

In summary, based on their excellent properties and easily
functionalization as well as variety of assemblies, carbon-based
functional materials have been widely used in MEG technology.
The devices showed high mechanical flexibility, excellent
electricity-generating performance, and remarkable environmental
adaptability, demonstrating its promising in practical applications
such as the construction of self-powered electronics and the
incorporation of MEGs in other next-generation devices.

5 Carbon-based functional materials for

moisture-enabled actuator

Actuators as stimuli-sensitive devices that transfer an external
stimulus into automatic action have attracted growing
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multidisciplinary interest from biology, chemistry, materials
science, and engineering [121-124]. Moisture-enabled actuator,
which can transform chemical energy activated by moisture into
other types of energy upon mechanical deformation, has been
widely investigated [125-130]. The main principle for designing
moisture-enabled actuator is to combine materials characteristics
with structural features. One design strategy is utilizing the
difference in hydrophilic capacity between materials with a
multilayer or Janus structure to realize the energy conversion and
deformation. Another strategy is using same material with
composite structure and exploits the structural differences of
material or asymmetric moisture adsorption to realize a moisture-
enabled deformation. Above all, material selection and structural
design are pivotal for moisture actuators to realize preferable
performance. On account of their unique tunable microstructures,
excellent mechanical performances, and prominent chemical
properties, as well as rich oxygen-containing functional groups,
carbon-based functional materials such as graphene, GO,
functionalized-CNT, or other hybrids have been proven to be a
popular choice for moisture-enabled actuators. The assembles
includes fiber based actuator, film based actuator, and 3D network
based actuator.

Owing to the existence of numerous oxygen functional groups,
GO is much more sensitive to moisture. An asymmetric
graphene/GO (G/GO) fiber (Fig. 8(a)) was rationally designed by
laser-beam irradiation along a pristine GO fiber in 2013 [131].
Remarkably, the G/GO fibers display complex, well-confined,
predetermined motion and deformation once exposed to moisture
(Fig. 8(b)), demonstrating their application as a single-fiber
walking robot. Continuing the effort in developing
unconventional applications and exploring the full potential of
GO fiber, the intrinsic configuration of graphene within the fiber
body was constructed and a new type of moisture-driven
rotational motor was achieved by rationally designing the rotary
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processing of the freshly spun GO fiber hydrogel [132].
Impressively, a twisted GO fiber (TGF) with rearranged graphene
sheets within the fibers presents superb performance as a
reversible rotary motor, with a rotary speed of up to 5190 rpm and
a tensile expansion of 4.7% under humidity alternation.
Importantly, aligned CNT fibers, which have been
demonstrated to extend the excellent physical properties of
individual CNTSs to a macroscopic scale, have been extensively
investigated for actuators [133-135]. Thus, Peng and co-workers
developed a novel fiber actuators based on aligned CNT fibers
with hierarchically helical channels and hydrophilic surfaces
(HSFs), which offers a rapid and large contraction and rotation as
well as a high reversibility in response to moisture [133]. To
prepare HSFs, a pristine aligned CNT fiber was modified with an
oxygen plasma treatment and then through a similar twisting
process (Fig. 8(c)). In the resulting HSF, a lot of micron-channels
formed between the fibers, which makes it accessible in fast
response to moisture. By integrating HSFs based actuators, a smart
louver was developed, which can response to the change of
humidity. As shown in Fig. 8(d), the smart louver was gradually
opened with the increasing humidity from 25% to 80% at room,
demonstrating its promising for smart device. Kim and coworkers
reported a bio-inspired hybrid yarn artificial muscle (HYAM)
with a coiled and wrinkled structure by highly twisting a CNT
sheet stack that incorporated a hydrophilic
poly(diallyldimethylammonium chloride) (PDDA) guest (Fig.
8(e)) [135]. Due to the RH around the HYAM determines the
moisture content in the PDDA and the volume of the hybrid yarn,
twist or untwist of the yarn within the HYAM occurs as it is
exposed to a change in RH (Fig. 8(f)). When the RH was changed
from 99% to 10%, the HYAM more quickly fully recovered its
initial length by water evaporation in 3 min (Fig. 8(g)). As a result,
the water-driven HYAM provides a large tensile stroke (up to
78%), a large gravimetric work capacity (2.17 kJ-kg™), and high
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volumetric work capacities (1.8 MJ-m™), which is promising for a
moisture driven muscle.

Apart from carbon-based fiber material, 2D carbon assembles
were widely investigated for deformable actuators. In 2010, Ruoff
and co-workers firstly fabricated a macroscopic actuator based on
a GO and COOH-functionalized CNTs (GO/CNT) bilayer film,
which exhibits extraordinary actuation in response to changes in
humidity [136]. However, during movement, bilayer actuators are
vulnerable to weak interlayer adhesion and even layer
delamination. To address these problems, the actuators-based
homogenous monolayer film or Janus monolayer film has been
designed. The sole GO film with an asymmetric surface structure
on its two sides has been developed, creating a promising
actuation ability triggered by moisture [137]. Ge and co-workers
reported a facile strategy for fabricating an actuator driven by
moisture gradients based on a homogeneous GO film (Fig. 9(a))
[138]. The homogeneous structure has enabled the actuator to be
highly sensitive to the stimuli of humidity gradients (Fig. 9(b)), as
well as displaying rapid and continuous motion. Ma and co-
workers reported a programmable patterning of RGO/GO Janus
paper (Fig. 9(c)) using a threshold-controlled direct laser writing
technology [139]. As shown in Fig. 9(d), along the lateral direction
after the laser reduction, RGO/GO Janus film presents a
significant gradient distribution of oxygen-containing groups.
Notably, when combined with a polymer tape, the as-formed
tape/RGO/GO structure exhibits reversible moisture-responsive
bending deformation, in which the hydrophilic GO layer acts as
an active layer for moisture actuation. Due to the photothermal
and Joule heating effect of RGO, the device can also be responsive
to humidity, light, and electricity (Fig. 9(e)). Moreover, inspired by
the natural “quantum-tunneling-fluidics-effect”, Zhang and co-
workers reported moisture actuation of GO paper with periodic
gratings, demonstrating a ultrafast response and large deformation

degree [140]. As shown in Fig. 9(f), a unilaterally structured GO
film  was  prepared by soft lithography  using
poly(dimethylsiloxane) (PDMS) gratings with variable periods as
templates foldled GO nanosheets that function as quantum-
confined superfluidics channels may greatly enhance water
adsorption, enabling sensitive and adjustable moisture actuation.
To demonstrate its full potential in developing soft robots, the
author designed and prepared two kinds of smart GO ribbons
with chiral twisting behaviors as legs for assembling a centipede
mini-robot (Fig. 9(g)).

Recently, the hybrids consist of carbon-based functional
materials and other polymer materials into a 3D network have
been proved as a promising way for improving the flexibility of a
carbon-based membrane without losing its quick response to
moisture, making highly sensitive, flexible, and stable actuators
[141-143]. As shown in Fig. 10(a), Xiang and co-workers
developed a flexible moisture actuator by evenly dispersing GO
sheets into a 3D network combined with polyvinyl alcohol
ethylene copolymer nanofibers (PVA-co-PE NFs) and silver
nanowires (AgNWs) [141]. The 3D interlaced pore structure of
the AgNWs/NFs/GO composite ensured its larger contact area,
faster moisture exchange rate, and large bending deformation
under moisture stimulation. Additionally, introduction of
conductive AgN'Ws makes it possible to employ this soft actuator
in switching control circuits (Fig. 10(b)), rendering it more
practical and versatile in application of soft robots and intelligent
control systems. Subsequently, Wang and co-workers [142]
developed a flexible moisture actuator with an asymmetric
sandwich structure by attaching GO to the surface of a PVA-co-
PE nanofiber composite containing copper (Cu) nanoparticles
(Fig. 10(c)). Based on the special asymmetric structure, the
composite shows good response to moisture and infrared light
with different bending directions and maintains excellent
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structural stability even after being soaked in water (Fig. 10(d)).
This makes it superior to other currently studied moisture-
responsive actuation materials.

Above all, a great deal of work has been put into developing
moisture-enabled actuators based on the distinctive structures and
superior qualities of carbon-based functional materials. These
works have attracted a lot of attention and laid the groundwork
for future uses of carbon-based functional materials in smart
switches, robots, and biomimetic devices.

6 Summary and outlook

Atmospheric moisture holds enormous amounts of water and
energy potential, which, with the advancements of nanomaterials,
show significant promise in creating circular economies for the
current intertwined water and energy challenges. Benefiting from
their unique structure and physicochemical properties, carbon-
based functional nanomaterials hold great promise as active
materials for emerging water and energy harvesting technologies.
In this review, progress in advanced technologies such as
atmospheric water harvesting, moisture-enabled electricity
generation, and moisture-induced deformable actuators based on
the interactions between carbon-based functional materials and
water molecules in atmospheric moisture is summarized.
Although many encouraging advances have been made thanks to
the unique properties of carbon-based materials such as good
chemical stability, a large specific surface area, a porous structure,
ease of functionalization, and good adsorption of moisture, there
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are still many issues that face practical application needs for
improvement (Fig. 11).

For AWH technology, carbon-based functional materials with
adjustable structure and excellent properties achieved many great
processes in this field. However, pure carbon material shows
hydrophobicity, which weakens its interaction with water
absorption, hindering the development of its application in water
harvesting, The reports appeared so far show that carbon-based
functional materials, when combined with other hygroscopic
materials and corresponding structure designs, exhibit high water
absorption capacity. Hence, future attention should be paid to the
design of composites to achieve promising moisture harvesting
systems with improved performance.

Besides, based on their excellent properties and easy
functionalization as well as variety of assemblies, carbon-based
functional materials have been widely used in MEG technology
and demonstrated their promise in practical device applications in
the construction of self-powered electronics and the incorporation
of MEGs in other next-generation devices. Despite these
advantages, the power density of MEG is still relatively low and
output voltages are typically < 1.5 V. There is then much scope for
further development of these devices to improve output power
and other output characteristics. Designing porous structures in
carbon-based functional materials and further increasing effective
surface area may boost the accessibility of water into the materials
and improve proton mobility. In addition, introducing a high
degree of hydration is also essential to increasing proton
conductivity.
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With its excellent water capture and transfer performance, it is
possible to develop an integrated device assembled with carbon
functional materials for applications in both water and energy
harvesting. For example, this integrated device can find
applications in other fields such as environmental monitoring and
governance. By collecting water resources and energy, it can
provide wireless power to smart monitoring devices, improving
convenience and accuracy in environmental monitoring.

Additionally, although some advances in moisture actuators
based on carbon functional material were realized, a variety of
necessary performance characteristics, such as the mechanical
properties and cyclic reversibility of the device, should be
considered for its practical application. Consequently, optimizing
material selection and scientific structural design for moisture
actuators with higher comprehensive performance is needed.
Another challenge for carbon functional material-based moisture
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actuators is that all the developed techniques for preparing carbon-
based macroscopic assemblies face production problems. Thus, a
low-cost and large-scale fabrication method for carbon-based
macroscopic assemblies with controllable nanostructures is still
required to realize practical applications.

In summary, the rapid development of moisture utilization
technology based on the interaction between carbon-based
functional materials and water molecules in atmospheric moisture
has shown fascinating value in addressing the water and energy
crises. Although there are still some challenges, we believe that
with the continuous development of science, these challenges will
be overcome and carbon-based functional materials will be widely
applied for water and energy harvesting applications.
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