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Emerging hydrovoltaic technology

Zhuhua Zhang'?, Xuemei Li'?, Jun Yin', Ying Xu', Wenwen Fei', Minmin Xue', Qin Wang', Jianxin Zhou®
and Wanlin Guo™

Water contains tremendous energy in a variety of forms, but very little of this energy has yet been harnessed. Nanostructured
materials can generate electricity on interaction with water, a phenomenon that we term the hydrovoltaic effect, which poten-
tially extends the technical capability of water energy harvesting and enables the creation of self-powered devices. In this
Review, starting by describing fundamental properties of water and of water-solid interfaces, we discuss key aspects pertaining
to water-carbon interactions and basic mechanisms of harvesting water energy with nanostructured materials. Experimental
advances in generating electricity from water flows, waves, natural evaporation and moisture are then reviewed to show the
correlations in their basic mechanisms and the potential for their integration towards harvesting energy from the water cycle.
We further discuss potential device applications of hydrovoltaic technologies, analyse main challenges in improving the energy
conversion efficiency and scaling up the output power, and suggest prospects for developments of the emerging technology.

ater is not only vital to life but also represents the larg-
\/\/ est carrier of energy on the Earth. Covering 71% of the

Earth’s surface, water consumes about 35% of the solar
energy received by the Earth, corresponding to a remarkable 60 pet-
awatts (10" W)'. If just a small portion of the tremendous energy
contained in water could be harvested, it would readily satisfy the
global energy demand of 18 terawatts (10'> W) Yet, unlike other
energy sources (for example wind or solar energy), water energy
evolves into a rich variety of forms that dominate the energy transfer
occurring in various natural phenomena. Traditional technologies
can harness very little of this water energy, despite a long history of
attempting to do so. As early as 400 Bc, the kinetic energy of falling
or running water was converted into useful mechanical energy by a
water wheel, which operates by direct transfer of water momentum
within the framework of classical mechanics. In the late nineteenth
century, water power was used to drive electromagnetic generators
for electric output, a harvesting approach founded on classical elec-
trodynamics and now widely applied in the hydropower industry. In
1859, Quincke generated electricity from water by direct interaction
between water and solid, in a process by which a flow of electrolytes
under a pressure gradient through a narrow channel generates an
electric voltage in the flow. Called streaming potential, this process
was based on electrokinetic theory’. The electrokinetic conversion
efficiency can be enhanced by using nanochannels with atomically
smooth walls and has thus inspired interest in using nanomaterials
for water energy harvesting*~’.

Compared with bulk materials, nanomaterials are exceptionally
sensitive to external stimuli and can harvest richer forms of water
energy that are inaccessible by conventional technologies. Among
various nanomaterials, carbon nanomaterials—represented by gra-
phene and carbon nanotubes (CNTs)—stand out in their mature
techniques for mass production of high-quality samples with dif-
ferent dimensionalities®"’. Moreover, carbon nanomaterials can
expose all of their atoms on the surfaces, permitting substantial
interaction with water through electronic coupling. As such, recent
experiments have demonstrated electricity generation in carbon
nanomaterials on exposure to water flows'~'°, waves'” and rains'®,
with no need of a pressure gradient as is required by the streaming

potential. These new advances extend not only the classical elec-
trokinetic theory" but also, more broadly, the capability of water
energy harvesting based on traditional principles.

But more energy from water exists in an insensible form: evapo-
ration, which draws thermal energy from the ambient environment
by converting the sensible heat into latent heat®. The evaporation
of a single gram of water converts 2.26 kJ of energy from liquid to
vapour, an amount of energy close to that contained in an AAA bat-
tery. Globally, evaporation energy contains up to 66% (40 petawatts)
of the total energy consumed by water, creating an average energy
flux as high as 80 W m™ (refs "*'). Though the mechanical work of
converting vapour from boiling water has long been used to drive
steam engines, the abundant energy that might be derived from nat-
ural evaporation has yet to be exploited. This situation has changed
recently with an experiment that directly converted evaporation
energy into volt-level electric voltages by using nanostructured car-
bon materials called carbon blacks?. The carbon materials enable a
unique interaction with water vapour, suggesting great potential in
harnessing energy from this ubiquitous source.

Generating electricity from the direct interaction of carbon
nanostructures with flowing, waving, dropping and evaporating
water leads to the emergence of a new energy conversion effect in
the materials, which we term the hydrovoltaic effect. This effect
parallels other energy conversion effects, such as the photovoltaic
effect”, but is more ‘colourful’ in converting diverse water energy
into electric power through an electric coupling between materials
and water, as testified by the large number of recent experiments.
Yet, unlike other well-studied energy conversion effects, research
on the hydrovoltaic effect is in its infancy and calls for continued
efforts to materialize its great potential. Here, we review recent
progress with this effect, mostly in carbon nanomaterials, with par-
ticular focus on evaporation-induced electricity.

Basic properties of water and water-solid interfaces

Because water is key to the hydrovoltaic effect, we first discuss
its basic properties. A water molecule is formed by two hydrogen
atoms covalently bonded to an oxygen atom, with an included angle
of 104.5° at the oxygen. The water molecule is polarized owing
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Fig. 1| Fundamental theories of water energy harvesting and water-solid interactions. a, An evolutionary overview of the fundamental theories, from
classical mechanics, thermodynamics and electrostatics, and electrodynamics, to quantum mechanics. Electrokinetics is a more specific theory for

the corresponding electric phenomena, founded on thermodynamics and electrostatics. The timeline follows the shape of the Yellow River. Important
advances of harvesting principles pertaining to each theory are listed. b, A water molecule is polarized owing to electron transfer from hydrogen to oxygen
(from blue to red). ¢, lllustration of bulk water on a solid surface. In bulk water, each water molecule attracts four neighbours arranged in a tetrahedral
coordination via hydrogen bonding (inset). The molecule is evaporated near the water surface when its hydrogen bonds are broken. d, Illustration of proton
transport (indicated by curved tail arrows) near a solid surface terminated with hydroxyl groups. The dotted blue line is a typical water density profile

near a solid surface. e, lons dominate the interaction between aqueous solution and solid. The cations and anions are illustrated by blue and grey balls,
respectively. f, Each ion is hydrated by attracting six water molecules. g, An electric double layer forms at the solution-solid interface, consisting of Stern
layer and diffusion layer. The boundary between the diffusion and Stern layers is the shear plane, at which the potential is called the zeta potential. The

blue line gives the electric potential profile near the interface.

to electron transfer from the hydrogen atoms to the oxygen atom
(Fig. 1b), and has an electric dipole moment of 0.039e nm, where
e is the electronic charge’. The negatively charged oxygen and
positively charged hydrogen atoms in different molecules can form
a hydrogen bond, H...O, when the distance between two oxygen
atoms is less than 0.35 nm and the O-H...O angle is less than 30°
(ref. »°). The hydrogen bond energy is 0.16 eV (ref. *°), which is
weaker than a covalent O-H bond of 4.76 eV but stronger than a
van der Waals strength of ~0.08 eV (ref. ). In bulk water, a hydro-
gen bond network around a molecule usually has a local tetrahe-
dral coordination (inset in Fig. 1c), with two molecules acting as an
acceptor and the other two acting as a donor. Each molecule links
to its neighbours by at least one hydrogen bond. The dynamic pro-
cess of liquid water is the making and breaking of hydrogen bonds.
In an ionic solution, each monovalent ion can be hydrated by six
water molecules through Coulomb attraction (Fig. 1f).

Hydrogen bonds are essential for phase transitions of water.
When a water molecule near the liquid surface has enough kinetic
energy to break the hydrogen bonds, it is evaporated into the air.
The temperature of the liquid decreases owing to the lower kinetic
energy of the remaining molecules. The liquid then absorbs heat
from the environment (if open) to increase the kinetic energy of
the remaining water molecules and sustain the evaporation. The
strong dynamic nature of hydrogen bonds enables protons to trans-
port within the hydrogen-bonded media®, either from H,O* to an
adjacent water molecule or from a water molecule to an adjacent

mo

OH- (Fig. 1d, solid arrows), similar to the transport of a hole carrier
in semiconductors. The light mass of hydrogen endows its nucleus
with strong quantum effects under moderate and low temperatures.
The influence of such quantum effects on the properties of water
has been extensively studied”~*. The quantum effects make strong
hydrogen bonds stronger and weak hydrogen bonds weaker’*,
accordingly modifying the structure of liquid water.

To understand how to effectively transfer the energy from water
to solids requires an understanding of the interaction between
water and solid surfaces. When water makes contact with solids,
layers of water form near the interface (Fig. 1d, blue dashed line),
creating detailed structures that are dependent on the wetting
properties of the solid surfaces’*”. Water molecules form hydro-
gen bonds with hydrophilic substrates and thus display homoge-
neous structures (as schematically illustrated in Fig. 1d), whereas
water interacts more weakly with hydrophobic substrates. When
an aqueous solution makes contact with a solid (Fig. 1e) with sur-
face charge, the interfacial interaction is dominated by an electric
double layer (EDL)*, as proposed by Helmholtz in 1853. This
EDL is composed of a surface ion layer firmly adsorbed on the
solid, known as the Stern layer, as well as a layer rich in counter-
ions attracted to the surface charge, known as the diffusion layer
(Fig. 1g). The EDL creates a strong electric field, resulting in a
sharp potential gradient across it. The boundary between the
Stern and diffusion layers is the shear plane, the electric potential
of which is called the zeta potential*'. This potential decreases in
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Fig. 2 | Carbon nanomaterials and carbon-water interactions. a, Atomic models of graphene and CNT, where the in-plane 6-bonds and out-of-plane
n-bonds are illustrated. b, Microscopic images of a twisted CNT yarn (left) and carbon black (right), made up of CNT bundles and graphene flakes with
oxygen (red balls) groups, respectively. ¢, Computed charge density shows little charge exchange between water and a perfect graphene lattice, but
shows marked electric donation from graphene (from cyan to yellow) to water when graphene is functionalized by a hydroxyl group. d, lllustration of the
interfaces between ionic solution and a freestanding graphene sheet, and between the solution and a graphene sheet overlaid on a dielectric substrate.
e, Schematic illustration of electron drag induced by moving water molecules inside a CNT. Panel b, microscopic images, CNT yarn adapted from ref. %2,

AAAS; carbon black adapted from ref. %, Springer Nature Ltd.

magnitude with increasing ionic concentration and pH value, typi-
cally varying from —80 meV to 80 meV for NaCl solutions*’. The
distance between the shear plane and the nearest bulk liquid region
is the Debye length (in the range of 1-100 nm; ref. **), in which
the density of counter-ions decreases when moving farther from
the shear plane.

Nanostructured carbon materials

Nanostructured materials have shown exceptional sensitivity to
adsorbed species, as determined by the spatio-temporal energy cor-
relation at the nanoscale. As such, they represent another key ele-
ment of the hydrovoltaic effect. When the spatial scale shrinks from
macroscale to nanoscale, the temporal scale will reduce to nano-
seconds and even to femtoseconds. The related energy scale of an
externally applied field will drop by 18 orders from joule (1 N x 1
m) to attojoule (10® J = 1 nN X 1 nm = 6.42 eV). This falls into
the energy scale of the local fields of matter, consisting of orbitals,
charges and spin states. Therefore, at the nanoscale, local and exter-
nally applied fields can be strongly coupled to endow materials with
distinctly different behaviours from their bulk counterparts*. Such
nanoscale multi-field couplings turn the carbon nanomaterials into
functional nanostructures that are desirable for the conversion of
various forms of water energy.

The most prominent carbon nanomaterial is graphene, a single
layer of graphite with a honeycomb lattice. The C-C bonds are dom-
inated by strong in-plane 6-bonds, complemented by out-of-plane
m-bonds™® (Fig. 2a). The abundant electronic properties of graphene,
such as novel Dirac fermions*’, mainly stem from the z-bonds that
symmetrically reside on two sublattices. All the z-bonds are exposed
on the surface where they can substantially interact with external
species and physical fields, making graphene a suitable material for
the hydrovoltaic effect. As the z-bonds are fairly active, graphene
can be functionalized by grafting various chemical groups, which
then mediate its interaction with external species.
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Graphene is the geometrical precursor to diverse carbon nano-
structures. It can be rolled up into CNTs and fullerenes and tailored
into nanoflakes. In particular, the curvature of CNTs makes most
of the z-states distribute on the outer tube surface, which is thus
chemically more reactive than graphene in achieving enhanced
coupling with water. CN'Ts also provide ideal one-dimensional (1D)
nanospaces for forming new water structures'* and for rapid water
transport”='. Early simulations suggest that the proton mobility
along water chains in CNTs is 40 times higher than in bulk water™.
CNTs and graphene can be further assembled into 3D nanostruc-
tured carbon materials, including CNT films, fibres™, sponges,
foams and carbon blacks™ (Fig. 2b). The constituent carbon ele-
ments in these materials interact with one another mainly through
van der Waals interaction and thereby inherit key properties from
graphene. In particular, carbon black sheets™ are composed of
numerous nanoflakes of graphene and graphene oxides, which form
a mass of nanochannels to enable the interaction of water molecules
with almost all carbon atoms.

Calculations based on density functional theory with van der
Waals correction show that a single water molecule adsorbed on a
graphene sheet has a binding energy of ~0.2 eV, with 0.008 elec-
trons transferred from graphene to water (Fig. 2c). When graphene
is functionalized by a hydroxyl group, the Coulomb interaction
between the water molecule and graphene is enhanced, which raises
the binding energy to ~0.4 eV and the corresponding charge trans-
fer to 0.014e (Fig. 2c). Enhanced binding of water also occurs at the
defects and edges of graphene. For example, a monovacancy and a
hydrogenated zigzag edge can donate 0.024 and 0.01 electrons to
each water molecule, respectively. In addition to nanochannels, car-
bon black sheets are rich in defects, edges and functionalized groups
(Fig. 2b), thereby making them particularly suitable for interacting
with water vapour, the product of evaporation.

In aqueous solutions, ions dominate the interaction with gra-
phene. First-principles calculations show that isolated cations stick
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Fig. 3 | Electricity generation related to electrokinetic effects. a, Schematic illustration of classical electrokinetic effect in a nanochannel, in which the
double layer overlaps and a pressure-driven flow carries counter-ions to form an electric current in the flow. Blue line shows the profile of flow velocity
across the channel. b, Dependence of streaming conductance in different-sized channels on the solute concentration (filled symbols), and streaming
current as a linear function of pressure (open symbols and dashed line). ¢, lllustration of induced potential by drawing a droplet on graphene. An
electric current is formed in graphene by two moving boundaries of the double layer at the front and rear of the running droplet, respectively. d, Linear
dependences of peak voltage on the moving velocity of one, two and three droplets. e, lllustration of waving potential induced in graphene by one moving
boundary of the double layer across a graphene sheet on a dielectric substrate. f, Dependence of induced peak voltage on the velocity of the moving
boundary. Insets report detailed electric signals at moving velocities of 2.3 and 45.1 cm s, respectively. g, Schematic illustration of harvesting energy
from raindrops. h, Electric signal induced by a droplet of 0.6 M CuCl, solution falling onto a tilted graphene sheet. The signals induced by splash and
rolling of droplets are indicated by arrows. Figure adapted from: b, ref. 4, APS; and reproduced from: f, ref. 7 under a Creative Commons license
(https://creativecommons.org/licenses/by/4.0/); d,h, ref. ¢, Springer Nature Ltd.

to a freestanding graphene sheet more readily than anions do'’.
For ions in aqueous solution, the hydration blurs this preference
(Fig. 2d, left). However, in real situations, graphene needs a substrate,
especially when interacting with water. Since graphene is only one
atom thick, it cannot fully screen the charge of the substrate. Ions in
water with opposite polarity to the substrate surface will adsorb on
graphene to screen the substrate charge®, forming an EDL on the
graphene (Fig. 2d, right). The free carriers in graphene are highly
responsive to the formation of EDLs owing to the good electrical
conductivity and high carrier mobility of graphene.

Electricity generation by electrokinetic effects

As mentioned, when a fluid comes into contact with a charged
solid, an EDL will form at the interface. The EDL is composed
of a Stern layer sessile on the solid surface and a diffusion layer
rich in counter-ions*-*°. An applied external force can influence
the diffusion layer so as to generate a relative motion between
fluid and solid, which forms the electrokinetic effect. Initially,
this effect included electrophoresis, the electric-field-induced
motion of particles found in 1807, and electro-osmosis, the field-
induced motion of fluid reported in 1809°. Quincke’ observed, in
1859, that the motion of electrolytes induced by a pressure gra-
dient through a narrow channel generates a voltage in the fluid,
called the streaming potential. This represents the first electricity
generated through the interfacial interaction between water and
solids. Subsequently, many derived forms of streaming potential
have been found, such as sedimentation potential and colloid and
ion vibration potentials. Combined with carbon nanomaterials,
streaming potential was recently extended to drawing and waving
potentials in 2014'"'%,

ma

Streaming potential. When water is confined in a narrow space
with a size close to the Debye length of the solution, the space will
be occupied mostly by counter-ions because of the overlap of EDL
(Fig. 3a). Driving hydrodynamic flow through the space by a pres-
sure gradient will transport the counter-ions downstream to form
an electrical current, until a steady voltage is formed in the chan-
nel flow that will oppose further migration of ionic charges. This
steady current is referred to as the streaming current™-*, which is
proportional to the flow rate, pressure gradient and channel height
(Fig. 3b). A recent experiment by Dekker and co-workers* showed
that the streaming conductance increases in relation to the decrease
in solute concentration and is saturated when the concentration is
below about 10~ to 10> M. The charge on channel walls was sug-
gested to govern the streaming current at low salt concentrations®,
possibly by causing rapid proton transport along the channels. The
electrokinetic conversion efficiency reaches its maximum at the
low salt limit®. However, it is peculiar that the streaming current in
deionized water is even higher than that in ionized water, especially
in a 563-nm-high channel (Fig. 3b).

Shrinking the channel size to nanoscale proportions increases
the streaming current, owing to further enhanced EDL overlap.
However, it will increase the friction between the flow and the
channel wall. The energy of flow in nanochannels is largely dissi-
pated by fluidic impedance, limiting the electrokinetic conversion
efficiency to 12% in theory® and about 3% in experiments*>**. This
friction can be reduced by using a slippery wall. Indeed, CNTs and a
nanocapillary material made of multilayer graphite flakes proved to
enable ultrafast water flow rate®-°, from which flow slip lengths of
up to tens of micrometres were deduced®>*. The predicted electro-
kinetic conversion efficiency for systems with such large slip lengths

NATURE NANOTECHNOLOGY | VOL 13 | DECEMBER 2018 | 1109-1119 | www.nature.com/naturenanotechnology


https://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturenanotechnology

NATURENANOTECHNOLOGY

could exceed 30%°"%. Functionalizing the CNTs and graphite flakes
with chemical groups could fine-tune the streaming potential but
would shorten the slip length of ionic water®. Moreover, theorists
have suggested applying magnetic fields” as well as using polymer
solutions”"* and large-sized ions” to increase the efficiency.

Because of the limited efficiency and power density of streaming
potential, further development is needed before its extensive appli-
cation. Recent advances point to additional ways of increasing the
power density. The first is to shorten the channel, as the water trans-
port scales inversely with the channel length. Water flow through
a three-atom-thick MoS, nanopore can generate a voltage of up to
tens of millivolts and a current of tens of nanoamps, driven by a
salinity difference across the pore™. The second means is to inte-
grate numerous nanochannels to achieve massive parallelization.
CNT-based hole arrays” and graphene hydrogel membranes’ have
been shown to provide high power densities from water flowing in
their many nanochannels. Lastly, further studies are encouraged to
answer important questions regarding the nanofluidic transport at
an atomic level: for example, what is the origin of the channel wall
charge, and how will water molecules respond to the wall charge?
Answers to these and other questions should help to guide the
design of high-performance electrokinetic systems™"”.

Drawing potential. When the ionic water is a droplet laid on gra-
phene, the EDL is formed only in the graphene region underneath
the droplet. As the droplet is drawn to move on graphene', the
formation of EDL at the front draws image charges from graphene,
while the vanishing of EDL at the rear releases image charges into
graphene (Fig. 3c). The respective charging and discharging of
pseudocapacitance at the front and rear of the droplet result in an
electric voltage in the graphene, referred to as drawing potential'®.
The voltage V and current I are proportional to the velocity v and to
the number of droplets n (Fig. 3d), expressed as V, I «nC,v, where
C, is the pseudocapacitance per unit area. The drawing potential
can be developed to harvest raindrop energy. A splash between a
falling raindrop and tilted graphene generates an electric volt-
age one order of magnitude higher than that induced by drawing
a droplet of similar size (Fig. 3g,h)', attributed to the high-speed
spreading of the raindrop.

Waving potential. Compared with droplets, waving water is more
abundant and contains much more energy, which can be harvested
in a manner similar to that of the drawing potential. As graphene
is inserted through the water surface, the EDL forms a dynamic
boundary at the liquid—gas boundary and leads to the charging of
pseudocapacitance therein. As a result, a voltage is induced in the
graphene (Fig. 3e). Pulling the graphene out of the water surface
produces an inverse voltage due to a discharging process at the
boundary. This wave-induced voltage was recently observed by
Yin et al.'” and called waving potential. The open-circuit voltage
reaches 0.1 V with a short-circuit current of 11 pA when moving
a 2 cm X 10 cm sheet of graphene across a seawater surface at a
velocity of 1 m s™. Based on the EDL model, the voltage and cur-
rent can be deduced to be V = R, C,Lv, I = C,Wv, where R, is the
graphene square resistance and L and W are the length and width of
the graphene sheet underwater, respectively. Thus, the voltage and
current are proportional to the velocity of the sheet (Fig. 3f) and can
be scaled up by series and parallel connections of multiple graphene
devices, respectively.

Subsequent experiments show that the waving and drawing
potentials largely depend on the substrate underneath the gra-
phene. Polytetrafluoroethylene has a higher density of charge on
its surface to induce a larger C, at the carbon-water interface than
a polyester terephthalate substrate does, so the output power from
drawing a droplet on graphene on a polytetrafluoroethylene sub-
strate is enhanced 100 times’. Drawing a droplet on a piezoelectric

NATURE NANOTECHNOLOGY | VOL 13 | DECEMBER 2018 | 1109-1119 | www.nature.com/naturenanotechnology

REVIEW ARTICLE

polyvinylidene fluoride substrate introduces extra charge on the
substrate surface due to the pressure of the droplet. The charging
and discharging at the droplet front and rear are then enhanced,
respectively, by the piezoelectric effect, inducing a total voltage of
0.1V in the graphene even with deionized water”. The charge in the
droplet is not limited to ions but can be extended to other charged
species, such as graphene oxide nanosheets®.

Flow-induced potentials

Many studies report flow-induced potential in carbon nanostruc-
tures beyond the scope of streaming potential. In 2001, Krél and
Shapiro suggested that water flow along a CNT excites a phonon
wind in the tubes, which would drag free carriers in the CNT to
move along the flow'". They further estimated" that a densely
packed CNT layer with a width of 1 mm would generate a current
of 1 mA. Inside a CNT, flowing water molecules can be aligned to
induce a dynamic Coulomb field, which drags free carriers in the
CNT to form a current (Fig. 2e). It seems that Sun and co-workers
experimentally realized such electron drag in CNTs'®. They detected
a voltage of several millivolts in one end of an individual CNT when
a current was applied to the other end of the nanotube, with the
effect that water molecules were absorbed to flow inside the CNT
when exposed to water vapour.

The flow-induced voltages in CNT nanofilms and graphene have
provoked further interest. In 2003, Ghosh and co-workers® found
that flowing water over CNT powder filled in a 1-mm gap between
two gold electrodes could induce a millivolt voltage. They attributed
the voltage to a direct forcing of the free charge carriers in CNTs
by the fluctuating Coulombic field of ions®. This explanation was
subsequently debated. However, traditional streaming potential'®
cannot explain this voltage as no pressure gradient was applied.
Coulomb drag® is also unlikely as there is no evident alignment
between the water flow and CNTs in the powder. In 2011, Dhiman
et al. reported electric voltages from graphene films immersed
in a flow of HCI solution®. Their molecular dynamics simula-
tions suggested surface ion hopping as the origin of the electricity.
Nevertheless, Yin et al.** found that the electric voltages were from
interactions between exposed electrodes and water. No measurable
voltage was observed in the graphene immersed in the flow once the
electrodes were sealed. This result was later confirmed by experi-
ments from different groups®**. Therefore, the exposed electrodes
and residual metal catalysts in CNTs can contribute to electricity
generation and lead to widely discrepant results®*-*%.

Electricity induced by natural water evaporation

In contrast to all the aforementioned electrokinetic effects that
require an input of mechanical work, the hydrovoltaic effect based
on natural water evaporation directly converts thermal energy from
the ambient environment into electric power. In further contrast
to those moving forms of water energy, evaporating water is not a
direct energy carrier but a medium for converting ambient heat into
electricity. Furthermore, evaporation is ubiquitous and spontaneous
in terms of electricity generation, with a ‘side effect’ of cooling down
the environment. For example, the total power of natural evapora-
tion from lakes and reservoirs in the contiguous United States was
estimated to reach 325 gigawatts, more than 69% of the US electric
energy production rate in 2015%. These features and facts under-
score the importance of developing efficient technology for harvest-
ing the energy from natural water evaporation.

Compared with bulk ionic water, water vapour from evapora-
tion interacts more weakly with materials. A way to strengthen
the interaction is to use porous carbon materials to maximize the
area of carbon-vapour interaction per unit volume. As discussed
above, a candidate material is carbon black sheets, which can lift the
water up through the capillary pressure of the nanochannels when
partly inserted in deionized water®. This evaporation process under
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Fig. 4 | Vision of harvesting energy from the whole water cycle by carbon nanostructures. a, Carbon black sheets harvest the evaporation energy near

a water surface, generating open-circuit voltage sustained for 160 h under ambient conditions. b, After the evaporation-induced electricity (shown in

inset | and a), electricity can be generated from the moisture change near the water surface by using graphene oxide films (inset Il; oxygen concentration
decreases as the colour fades from red to grey; white lines stand for nanochannels; a power density up to 1 mW cm can be realized in an oxide framework
at a moisture variation of 80%). Then graphene sheets can harvest energy from air flow and raindrops, while graphitic capillary nanochannels can be
immersed in rivers to harvest the flow energy via an illustrated mechanism of streaming potential. Finally, the energy of water waves can be harvested

by adhering graphene on surfaces of floating objects based on a mechanism of waving potential as illustrated, or by attaching a carbon nanotube yarn
between a balloon and a sinker on the ocean floor (inset Ill, an electrochemical mechanism; see text). Insets adapted from: |, ref. %, Springer Nature Ltd; II,

ref. 7, RSC; I, ref. 122, AAAS.

ambient conditions could persistently produce an electric voltage
up to 1 V in a centimetre-sized carbon black sheet** (Fig. 4a). The
induced voltage increases with the capillary length of water and
then remains almost constant when the capillary water reaches a
maximum height. Factors that improve the water evaporation rate,
such as wind, increasing temperature and reducing relative humid-
ity, increase the induced voltage considerably. By series and paral-
lel connections of multiple devices, the induced electricity suffices
to power commercial electric products. Ink printing can enhance
the adhesion of flame-deposited carbon black sheets on substrates,
making devices structurally more robust™.

Carbon black treated by oxygen plasma contains numerous oxy-
gen groups, for example C-O-C, C=0 and O=C-OH. On contact
with water, these chemical groups exchange charges with water, to
an extent that is up to two orders of magnitude higher than that
between water and pristine graphene, as supported by first-princi-
ples calculations®. The water flow driven by evaporation will create
a potential gradient along the flow direction, producing an elec-
tric voltage in the carbon black sheets. Other contributions may
come from the streaming potential and waving potential. The exact
mechanism underlying the electricity produced in this way requires
further study. There is no doubt that evaporation-induced electric-
ity is a phenomenon beyond the traditional streaming potential.

ma

Given its many advantages over other hydrovoltaic effects, harvest-
ing electricity from natural evaporation deserves particular attention.

Moisture-induced electricity
Evaporated water can be further controlled to form a moisture varia-
tion that presents another means of converting water to electricity,
through the use of various nanostructured carbon materials such as
graphene oxide materials”~*, porous carbon films”, and polypyr-
role frameworks” and even TiO, networks with numerous charged
nanochannels™. In particular, Qu and co-workers reported a voltage
at sub-volt level and current density of tens of mA cm™, resulting in
a power density up to 1 mW cm™ in an oxide framework’’. Because
these carbon materials were designed to have gradients of either oxy-
gen-containing groups (Fig. 4, inset IT) or ions, the moisture-induced
electricity was due to chemical gradient-driven diffusion of protons
dissociated from water or of ions that unidirectionally interact with
charged species in the materials under the moisture variation. Yet
the exact mechanism needs to be further clarified. Graphene oxide
films without chemical gradients can also produce a similar voltage
but with a negligible current density of pA cm™ (ref. 7).

A couple of experiments also reported the harvesting of water
vapour energy by a wet expansion effect based on materials expand-
ing on water adsorption and contracting on desorption. Different
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Fig. 5 | Potential device applications of water energy harvesting. a, Sensors. Top panel: a graphene sheet monitoring the writing directions of a Chinese
brush. Bottom panel: a graphene field-effect transistor as a mass flow sensor (left) and a schematic illustration of a humidity sensor based on a graphene
oxide film for detecting human breath (right). PDMS, polydimethylsiloxane; RH, relative humidity; V¢ counter electrode voltage. b, Power suppliers. Top
panel: evaporation-induced electricity from multiple devices connected in a series can power a liquid crystal display (left) and electro-deposition (right).
FEGs, film electricity generators. Bottom left panel: moisture-activated devices made of graphene oxide films with oxygen gradients power a light-emitting
diode. Each device is a series-connection of four films, as illustrated at the bottom. Bottom right panel: combining a graphene device harvesting raindrop
energy with a solar cell for an all-weather energy supplier. ¢, A self-powered and self-supplied system on remote islands: evaporation-induced electricity
powers the beacon light, promotes the desalination of seawater and mediates the indoor air condition. Figure reproduced from: a, ref. ', Springer Nature
Ltd; ref. ®°, American Chemical Society; ref. ©?, Wiley; b, ref. %, Springer Nature Ltd; ref. °°, Wiley; ref. !, RSC; and adapted from: b, ref. 4, Wiley.

from the hydrovoltaic effect, this effect outputs mechanical work
in a physical manner similar to that of a steam engine, requiring a
material showing a remarkable response to water vapour and a con-
trolled large moisture variation of up to 90%. Polymer composite
networks’>**-1%, liquid crystal polymers'*"'"* and Bacillus spores'**'"
have been demonstrated to convert such moisture energy into use-
ful mechanical energy. Pre-twisted graphene oxide fibres'*>'*® also
performed well in showing wetting-induced deformations that were
utilized to design actuators”'”*, motors’>'* and robots'.

Hydrovoltaic effect in other nanomaterials

The hydrovoltaic effect is not limited to carbon nanomaterials but
can be generic to other materials as long as they meet certain condi-
tions. Taking waving and drawing potentials as examples, the mate-
rial should be thin enough to allow efficient interaction between
ions in water and charges on substrates (Fig. 2d). Meanwhile, it
should be conductive enough for electric transport. A counter-
example is multilayered graphene sheets, which are too conduc-
tive (that is, with very small R,) and severely screen the substrate
charge, resulting in an electric voltage an order of magnitude lower
than that in monolayer graphene'”. Therefore, any material showing
a good trade-off between thickness and conductivity is suitable for
realizing waving and drawing potentials. Satisfying this criterion,
doped zinc oxide nanofilms can extract electric voltages comparable
to that of monolayer graphene'”” from water waves. We expect that
many other semiconducting materials can be processed that will
qualify as inducing the hydrovoltaic effect.

Electricity from non-hydrovoltaic effects

The hydrovoltaic effect can harvest almost all forms of water energy,
but several other methods are also worth mentioning. The first is the
salinity gradient energy. This type of energy is the original form of
‘blue energy, available from the salinity difference between seawa-
ter and river water. The power is generated by the osmotic pressure
difference between fresh and salt water and can be ultimately clas-
sified as energy of evaporation that separates fresh water from salt.
The related techniques include osmosis with semipermeable mem-
branes'”, nanofluidic diffusion with ion-selective membranes'**!"°
and electric double-layer capacitors'''"'"*. Further details on these
techniques can be found in a recent review''.
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The second is the water energy harvesting method that uses the
electrification effect combined with electrostatic induction''*-'"".
This method requires dielectric materials to create charges on the
surfaces of water and materials, with opposite charges then induced
on two electrodes that output a voltage between them. Thus, the
voltage is not from the material making direct contact with water,
in contrast to the hydrovoltaic effect. There is a recent article dis-
cussing this technology'’. Similarly, electricity can be generated
by mechanically modulating water droplets confined between two
parallel conducting plates, which make contact with water asym-
metrically to output a voltage'*-'*".

Finally, Baughman and co-workers developed an electrochemi-
cal way of harvesting wave energy using torsionally tethered coiled
CNT yarns, which are immersed in an aqueous electrolyte to pro-
vide variable areas for electrochemical reactions when repeatedly
stretched by water waves'””. The electric voltage is formed between
a working electrode attached to the yarns and a reference electrode
in the electrolyte (Fig. 4, inset III), rather than in the carbon mate-
rials as with the waving potential. By operating the device within
the ocean, voltages of tens of millivolts can be obtained, and the
average electric power reaches 1.66 W kg™ for wave frequencies of
0.9-1.2 Hz. Here, the water waves serve only as an external force to
stretch the CNT yarns. Similar electrochemical technology can be
further developed to harvest low-grade thermal energy (temperature
below 130 °C)'%.

Applications and perspectives
Being able to deliver the potential in these hydrovoltaic effects and
thereby transform them into practical applications is still compro-
mised by the low output power and poor energy conversion effi-
ciency. The output power of a single device ranges from 10 to
10~ W, with a power density from 10~ to 10 W m™, an output that
cannot yet compete with those from conventional principles (for
example, a modern water turbine can output 700 MW power with
an energy efficiency over 90%). However, the electricity from the
hydrovoltaic effect is already sufficient for developing self-powered
devices and for powering low-consumption devices.

The drawing potential in graphene has been shown to detect
water droplets or wet gas flow on its surface (Fig. 5a, top)'®’>”, and
the streaming potential has been probed by a graphene transistor
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to sense mass flow and ionic concentration® (Fig. 5a, bottom left).
A recent experiment realized a respiration monitor fabricated by
graphene oxide fibres” and activated by moisture variation (Fig. 5a,
bottom right). On the other hand, the evaporation-induced elec-
tricity from multiple devices connected in a series can power thin-
film transistor displays and electro-deposition of patterned silver
microstructures (Fig. 5b, top)*>*’, while moisture-induced electric-
ity in graphene oxide films can ignite a light-emitting diode (Fig. 5b,
bottom)’’. Hybrid devices combining carbon nanomaterials with
other energy conversion structures, such as dye-sensitized solar
cells'** (Fig. 5b, bottom right), silicon solar cells'** and micro water-
mills, allow for an all-weather power supply. Inspired by the wav-
ing potential, Xu et al. generated electricity from the flow of blood
along a CNT/polymer fibre confined in a tube, presenting a possible
means for powering physiological nanodevices'*. More broadly,
harvesting the evaporation energy promises the development of
self-powered and self-supplied systems on remote islands (Fig. 5¢),
in which the evaporation-induced electricity can be used not only
to power beacon lights but also to promote evaporation'”'** for
purifying seawater. Meanwhile, the evaporation can also be imple-
mented indoors to mediate the air condition (Fig. 5¢).

Beyond these exciting applications, the ability of carbon nano-
structured materials to harvest energy from air flow'*"*’, water-
flows'*7% waves', raindrops'® and evaporation® can help us to
imagine potential ways of capturing energy from the natural water
cycle. Several key processes in the cycle occurring above the ground
show promise—that is, evaporation, advection, condensation, pre-
cipitation and runoff, as shown in Fig. 4. First, arrays of carbon
black sheets can be installed to harvest the evaporation energy near
water surfaces”. Water vapour that has permeated through the
sheets can be controlled to form a moisture gradient, which can be
converted into electricity by deploying a layer of water-responsive
materials, such as a graphene oxide assembly’"** (Fig. 4, inset I).
Graphene or CNTs can then harvest energy from the advection-
induced air flows'*"*". As the water vapour is condensed and pre-
cipitated, the energy of raindrops can be harvested by graphene
sheets to output electric power'®. Subsequently, the rainwater moves
across the land and forms water flows along the river, which can
induce the streaming potential in graphitic capillary nanochan-
nels'*¢*, The water flows finally merge into ocean-forming waves,
which can generate the waving potential through graphene sheets
that adhere onto surfaces of any floating objects'’.

In this vision, evaporation-induced electricity stands out from
other means of deriving electrical power from water, in three ways.
First, water evaporation occurs everywhere and at any time, regard-
less of weather and environmental conditions. Second, it converts
thermal energy from the ambient environment into useful electric
power, without any input of mechanical work. Third, it is environ-
mentally friendly, because its side effects (for example, reducing
ambient temperature, promoting the water circle) are even a bene-
fit. Thus, evaporation-induced electricity may hold greater potential
than the photovoltaic effect. Moreover, several recent experiments
have shown that evaporation can be enhanced by a synergy between
plasmon-promoted solar energy absorption’*'~'** and capillary-
enabled rapid water diffusion'**'**. In other words, the energy flux
from the ambient environment to water vapour can be engineered
to a higher level than previously supposed. These new advances
make evaporation energy more relevant as a new renewable energy,
even if the study of its harvesting has just begun.

But implementing the related technology on a wide scale presents
several challenges. First, the carbon-water interaction is inherently
weak. Each moving molecule or ion can drive only a few charge
carriers in carbon nanomaterials, as shown by first-principles cal-
culations"”. Though functionalizing the nanomaterials enhances
the carbon-water interaction, it reduces the electric conductiv-
ity and thus impedes the transport of free carriers. Second, the

e

carbon-water interaction is limited to the surfaces of atomic layers,
unlike other energy conversion processes that occur in bulk materi-
als. Porous carbon materials can greatly increase the interaction area
per unit volume, but they usually possess high internal impedance to
limit electric transport. Third, parallel or series connections of mul-
tiple devices are straightforward to raise the output power. However,
the power averaged from each device decreases with the increasing
number of devices'” because of interconnections among the devices
and the formation of an inner loop current. Addressing this issue
requires greater homogeneity of carbon materials, improved con-
nections between devices and optimized device layout.

The above analyses indicate that a good hydrovoltaic material
should achieve a balance among the following factors: strong water—
carbon interaction, a large interaction area and sufficient electric
conductivity. Achieving this balance is contingent on knowing the
atomistic interaction mechanisms between liquid and nanostruc-
tures, which are notoriously complicated. More must be understood
about the detailed dynamics involved in water and ions in liquid
and carriers in materials, about the adsorption/desorption of water
or ions on materials, about the dynamic coupling between ions or
water and electrons at the interfaces, and about the role of sub-
strates. Advanced computational theories and methods that enable
calculations of large-scale water-solid systems at the quantum
mechanical level are crucial for gaining greater insight into these
issues. Moreover, experimental tools for the fine characterization
of water-solid interfaces remain to be developed. Regular high-
resolution microscopies work poorly for these interfaces. Instead,
a relatively ordered arrangement of water and ions at the interface
compared with those in bulk water allows for characterization by
optical means, such as phase-sensitive sum-frequency vibrational
spectroscopy' =¥

Conclusions

Our review of electricity generation in carbon nanostructured
materials interacting with water has demonstrated the great poten-
tial of harvesting water energy by using nanotechnology. Striking
progress has been seen on a new effect of electrifying nanoma-
terials by direct coupling with water, what we have called the
hydrovoltaic effect, capable of harvesting energy from water flows,
waves, raindrops, evaporation and moisture. This effect is distin-
guished by its ability to convert the thermal energy in ambient
environment to electric power through ubiquitous water evapora-
tion. As the evaporation is uninterrupted and available under any
conditions, the hydrovoltaic effect would have unique advantages
over other energy conversion effects if the electric power could
be enhanced to a daily usable level. This, however, is challenged
by the fact that the characteristic scale of interaction strength
between water and nanomaterials is at an electronvolt level, and
the interaction is limited to surfaces of single atomic layers. Future
study should be steered to develop theories beyond the electric
double layer model for describing water-solid interfaces and
explore ways of enhancing the water-material interaction, maxi-
mizing the interaction area per unit volume without sacrificing
electric conductivity and combining with other energy conversion
effects in a concerted manner.

Overall, compared with the century-long development of indus-
trial hydropower, the rapid growth of hydrovoltaic voltages from
original millivolt- to volt-level over the course of just a few years
suggests great promise. We expect this momentum to continue with
the persistent collaboration between theorists and experimenters.
Furthermore, we believe that such collaboration will transform the
recent focus on this emerging hydrovoltaic effect into a viable and
prominent industry technology.
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