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ABSTRACT

Water evaporation is a ubiquitous natural process exploiting thermal energy from ambient environment. Hydrovoltaic
technologies emerged in recent years offer one prospective route to generate electricity from water evaporation, which
has long been overlooked. Herein, we developed a hybrid hydrovoltaic generator driven by natural water evaporation,
integrating an “evaporation motor” with an evaporation-electricity device and a droplet-electricity device. A rotary motion of
the “evaporation motor” relies on phase change of ethanol driven by water-evaporation induced temperature gradient.
This motion enables the evaporation-electricity device to work under a beneficial water-film operation mode to produce
output of ~4 V and ~0.2 pA, as well as propels the droplet-electricity device to convert mechanical energy into pulsed
output of ~100 V and ~0.2 mA. As different types of hydrovoltaic devices require distinctive stimuli, it was challenging to
make them work simultaneously, especially under one single driving force. We here for the first time empower two types
of hydrovoltaic devices solely by omnipresent water evaporation. Therefore, this work presents a new pathway to
exploiting water evaporation-associated ambient thermal energy and provides insights on developing hybrid hydrovoltaic
generators.
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waving, raining and droplet moving), and moisture. Electricity is
generated upon water infiltrating in a porous matrix driven by
evaporation, wherein abundant nanochannels separate ions
selectively to produce streaming potential and water evaporating

1 Introduction

The natural water cycle, also known as the hydrologic cycle,
describes the continuous movement and phase change of water on

earth, in the form of physical processes of evaporation,
transpiration, condensation, precipitation, infiltration, surface
runoff and subsurface flow. Tremendous energy is contained in
this global water cycle and hydroelectric power plants have been
prevailed through the whole industrial era to harvest potential
energy from large water reservoirs [1]. However, the energy
involved in other processes, such as evaporation, raining, waving,
and moisture, has long been left largely untapped due to the lack
of energy conversion technologies fit for those processes. The last
decade has been embracing the emergence of hydrovoltaic
technologies, which allow for the harvesting of almost full energy
spectrum of the water cycle and hold great potential to advance
energy diversification, promoting the contribution of sustainable
energy in particular [2, 3].

Hydrovoltaic technologies consist of three main types of energy
conversion mechanisms and corresponding device configurations,
targeting at water evaporation, water movement (including

at the capillary front induces evaporating potential [4-7]. It has
been receiving tremendous attention since the first report [4] and
intensive research efforts have been devoted to enhance the output
performance by materials development [8-20], surface
functionalization [21] and thermal management [22,23]. We
recently discovered the pivotal role of capillary front, by
broadening which we obtained a ~5 V output of a single unit,
much higher than previously reported results, and achieved
integrated kilovolt level output in a water-film operation mode
[24]. Water droplet and waving induced electricity was firstly
found on monolayer graphene [25-27], termed as drawing
potential and waving potential, and then revives in fluoropolymers
(e.g, PTFE and FEP) based systems for rain droplets and water
flowing in tubes involving bulk effect [28-36]. Moisture-based
electricity generation converts chemical potential energy derived
from moisture diffusion when water molecules contact with
hydroscopic materials [37]. Years of relevant research efforts have
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committed to realizing continuous electricity generation and high
integrated output voltage from moisture-electric devices [37-41].

Viewing from the aspect of spatiotemporal distribution, water
evaporation is more ubiquitous than water movement; the latter is
closely dependent on weather and geography. However, as the
aforementioned hydrovoltaic devices respond to different stimuli,
it is challenging to exploit water evaporation as the sole and
omnipresent driving force for hybrid hydrovoltaic devices in order
to acquire improved output. Our recent work revealed that a
preformed water film, produced by periodically immersing the
porous film in water, could promote the water-evaporation-
induced electricity by one order of magnitude [24]. This water
film process involves periodic mechanical movement, similar to
what is required for water-droplet-based electricity generation.
Therefore, one possible hybrid device is what is able to initiate
mechanical motion and drive both water-evaporation and droplet-
based electricity generation.

In this work, we developed a hybrid hydrovoltaic generator
solely driven by omnipresent water evaporation. The hybrid
generator consists of a self-floating “drinking-bird” like heat
engine, termed as “evaporation motor”, that converts evaporation-
induced temperature difference to periodic rotation. The water-
evaporation-based and droplet-based electricity generation devices
were integrated with the self-floating heat engine of induced
mechanical motion to augment water-evaporation-induced-
electricity to an output of ~4 V and initiate droplet-based
generator to produce an instantaneous output of ~100 V. The
hybrid device with power management circuits could effectively
charge capacitors and power a liquid crystal display. This work
expands the applications of water-evaporation-relevant
hydrovoltaic technologies and offers a new routine to hybrid
hydrovoltaic devices with promoted output performance.

2 Results and discussion

2.1 Water evaporation driven periodic rotation

Electricity generation from both evaporation operated at the water-
film mode [24] and water flowing in fluoropolymer tubes [31, 32]
requires periodic relative motion between water and the solid
surface. Therefore, we first design a self-floating “drinking bird”
like heat engine that can rotate periodically solely driven by water
evaporation, which we term as a “evaporation motor” (Fig. 1). The
fabrication process is illustrated in Fig.S1 in the Electronic
Supplementary Material (ESM). The “evaporation motor” consists
of two glass bulbs joined by a plastic tube and the bottom bulb is
filled with a certain amount of ethanol. The tube extends nearly all
the way into the bottom bulb, and attaches to the top bulb. A
hypodermic needle connected with a check valve is inserted into
the plastic tube to facilitate evacuating the gas (mainly air) inside
the bulbs so that the interior pressure of the top bulb is sensitive to
the surface temperature of the top bulb. The top bulb with a “beak”
is cover by air-laid paper to wick water and lower surface
temperature by evaporation. The unit is then supported on a
cylindrical plastic jar to make the “evaporation motor” self-
floating and able to rotate with low friction. A weight and
polyethylene foam are added to adjust the rotation dynamics (Fig.
1(b)).

The “evaporation motor” is fundamentally a heat engine that
relies on temperature difference to initiate rotary motion. Due to
the high enthalpy of vaporization of water (~ 2440 k]/kg at 25 °C),
water evaporation lowers the surface temperature of the air-laid
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paper covered on the top bulb to 22 °C, which was 4 °C lower
than that of the bottom bulb (Fig. 1(c)). Resultantly, ethanol vapor
inside the top bulb tends to condense on the interior cool surface,
decreasing the number of ethanol gas molecules therein.
According to the ideal gas law, pV= Nk T, where p, V, N, kg, T are
the pressure, volume, number of particles, Boltzmann constant,
and temperature respectively, reduction of the ethanol gas
molecules leads to a pressure drop in the top bulb (Fig. 1(d)). The
pressure difference between the bottom and top bulb then pumps
liquid ethanol from the bottom bulb up to the tube and top bulb.
The gravitational center shifts towards up right accordingly,
causing a clockwise torque M, and the device starts to rotate. Once
the bottom end of the tube rises above the surface of liquid
ethanol in the bottom bulb, a bubble of warm ethanol vapor rises
up in the tube and displaces liquid ethanol, i.e., pressure equalizes
between the bottom and top bulbs, and liquid ethanol in the tube
and the top bulb flows back the bottom bulb. Though the torque
at this moment switches from clockwise to counter-clockwise, the
device continues rotating clockwise because of inertia since at this
moment the device still possesses a clockwise angular velocity. The
device rotates clockwise until the “beak” on the top bulb contacts
water surface, replenishing water in the air-laid paper. It then
rotates back to the initial position. As liquid ethanol in the bottom
bulb is heated by ambient air and water evaporation keeps cooling
down the top bulb, the device maintains this intermittent angular
oscillating behavior. Please note that the self-floating design makes
the device easy to deploy on natural water surface (e.g., lake and
ocean) and ensures low friction during rotation.

The rotation dynamics were analyzed by extracting the time-
resolved angles from recorded videos (Supplementary Video 1).
As shown in Fig. 1(e), the device firstly rotates slowly and then the
motion accelerates, which is clearly evidenced by the angular
velocity shown in Fig. 1(f). This is because as the device rotates,
the moment arm, ie., distance between the gravitational center
and the axis of rotation, also increases, producing an increasing
torque. Once the “beak” on the top bulb contacts with water, the
device oscillates with small amplitudes and then rotates back.
Representative snapshots at different instants are also inserted in
Fig. 1(d). It is interesting to note that, though the rotation is solely
driven by gentle natural evaporation, the maximum angular
velocity obtained is as high as 150 °/s. This fast instantaneous
rotation makes it feasible to drive water-droplet based electricity
generation. In addition, higher ambient temperature leads to high
angular velocity and frequency of the periodic rotation (Fig. S3 in
the ESM). Though the frequency is not high (at once per minute
level), we envision this type of evaporation-driven generator may
find applications for low-power consumption sensors in remote
areas that only require intermittent sensing and remain idle at the
rest of the time. The design of the hybrid hydrovoltaic generator
and main energy conversion pathways are illustrated in Figs. 1(g)
and 1(h). Thermal energy from the ambient air is converted to
mechanical energy via the “evaporation motor”. Mechanical
energy is then converted to electricity in the droplet-electricity
device. Meanwhile, this mechanical energy facilitates water-
evaporation-induced electricity generation in the water-film mode.
In the next sections, we first investigate the standalone evaporation-
electricity and water-electricity devices under simulated working
conditions, and then demonstrate the feasibility of the hybrid
generator driven by natural evaporation.

2.2 Water evaporation induced electricity under water
film mode

In the conventional one-end-immersing mode, ie., a device with
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Figure1 Working mechanism of the “evaporation motor”. (a) Photo and (b) schematic diagram of the “evaporation motor”. (c) Temperature of the top and bottom
bulbs. The unit was floating on water and air-laid paper on the top bulb was wetted by water. (d) Schematic diagram of the working mechanism. Inserted photos were
extracted from the recorded video at corresponding instants. (¢) Time-resolved angle and (f) angular velocity of the “evaporation motor” during evaporation drive
rotation. (g) Hllustration of the proposed hybrid hydrovoltaic generator and (h) energy conversion pathways.

the bottom end of the porous film immersing in water,
evaporation drives continuous imbibition of water into the
nanoporous thin film and concurrent electricity generation [4].
However, the output voltage in this operation mode is generally
limited to 1 volt, barely exceeding 3 volts [4-18]. In our previous
work, we developed a water-film mode to broaden the capillary
front, which was proven as the key region for -electricity
generation, and the obtained voltage output was almost one order
of magnitude higher than that obtained under the one-end-
immersing mode [24]. As shown in Fig. 2(a), the water-film mode
involves intermittently inserting the device into and pulling it out
from water in order to form a water film on the device (the
experimental setup is displayed in Fig. S4 in the ESM). This is
exactly what the “evaporation motor” does: by fixing the
evaporation generator onto the cylindrical jar (Fig. 1(g)), the
periodic rotation of the jar will perfectly enable the inserting and
pulling motion. Therefore, it is beneficial to integrate the
evaporation-electricity-generation device with the “evaporation
motor”.

The evaporation-electricity-generation device was fabricated by
pasting a thin layer consisting of bismuth oxyhalide (BiOCI)
nanoplates on an acrylic substrate with patterned Au electrode
(Fig. 2(b)) [24,42]. The BiOCI nanoplates are stacked irregularly,
producing abundant micro- and nanopores. After the device is
inserted into and pulled out from deionized water, a thin water
film is formed on the BiOCl layer. With evaporation thinning and
gravity dragging, the water film turns into a wedge shape, which
broadens the capillary front and augments voltage output [24]. As
shown in Figs. 2(c) and 2(d), along with water drying from the
top, a visible wet edge (denoted by red dots) moves downward,
creating a capillary front transitioning from the bottom wet region
to the top dry region. As the wet edge keeps moving downward,
the capillary front is further broadened. Therefore, the output
voltage rises up concurrently until reaching a plateau as highas4.3 V.
This output voltage, benefiting from the water-film mode, is much
higher than those obtained under the conditional one-end-
immersing mode [4-18]. The effects of NaCl concentration in
water is shown in Fig. S5 in the ESM. The output voltage decreases
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Figure2 Performance of the standalone evaporation-electricity device. (a) Illustration of the water-film operation mode. (b) Photo of the device; insert is a SEM
image of the BiOCl layer. (c) Representative voltage profile and (d) photos showing the wet edge position at corresponding instants; red dots denote position of the wet
edge. (e) Voltage and power output with different load resistance. (f) Cycling voltage output and (g) current output.

with increasing the salt concentration (NaCl) because of the
suppressed Debye length in the electrical double layer and reduced
ionic selectivity in the nanochannels. The output current firstly
increases because of the lowered internal resistance in salt solution,
and then decreases at high salt concentration due to reduced ionic
selectivity in the nanochannels.

To investigate the maximum power output, the load resistance
(R) was varied from 0.1 Q to 100 MQ and the potential drop (Vy)
on the resistance was recorded. Corresponding power output was
then calculated by P = V; /R. As exhibited in Fig. 2(e), the voltage
output increases with increasing the load resistance, and the
maximum power output, 0.21 uW, is achieved on a load resistance
of 20.5 MQ. This is micro-Watt level output could be further
scaled up by device integration to provide on-demand power
supply for electronics [24]. To demonstrate the durability of the
device under the water-film mode, cycling tests were performed
for 10 ks. As displayed in Figs. 2(f) and 2(g), the open-circuit
voltage and short-circuit current maintain at about 4.3 V and
0.22 pA, respectively, with subtle fluctuations, indicating the device
has great robustness and potential for long-term applications.

2.3 Rotational motion driven water droplet-based

electricity generation

Water droplet spreading or sliding on dielectric layers, together
with well-configured electrodes, can output electricity through
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electrostatic induction, thus converting mechanical energy into
electricity [28-33]. In this work, to exploit the rotary motion of the
“evaporation motor”, we designed a water-droplet based
generator, where a water column was encapsuled in a concentric
annular FEP tube (Fig.3(a)). As the device rotates with the
“evaporation motor”, the water column slides inside the tube
recurringly. The two-drain-electrode configuration was adapted to
efficiently collect and release electrostatically induced charges from
this recurring motion [32]. A stepper motor was used to simulate
the rotary motion (Fig. S6 in the ESM).

The electricity generation mechanism is illustrated in Fig. 3(a)
and voltage and current output are displayed in Fig. 3(b). Initially,
the water column stays at the left side of the source electrode
(copper tape) covered region and conductively connects with the
Drain-I electrode. As the tube rotates clockwise, the water column
slides inside the tube because gravitational force overcomes
friction. During this period, electrostatically-induced positive
charges on the source gradually transfer to water through drain-I,
which ceases once the water column detaches from Drain-I. As
rotation proceeds, the water column contacts with the right drain-
I1, switching on the circuit and initiating quick transfer of positive
charges from source to water via drain-II, producing high negative
voltage and current pulses (Fig.3(b)). Following this, the tube
rotates counter-clockwise to the initial position and the water
column detaches from drain-II, leaving charges accumulated in
the water column. Once the water column contacts with the left
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Figure 3 Performance of the standalone droplet-electricity device. (a) Illustration of electricity generation mechanism. (b) Voltage and current output. Voltage output
with different (c) angular velocity, (d) water column length, and (e) source electrode length (same as the water column length).

drain-I again, the accumulated charges transfer back to source,
inducing high positive voltage and current pulses (Fig. 3(b)).
Therefore, the unit restores the water column position and charge
distribution at the end of one cycle. While the rotation speed is
relatively low (100 °/s), the current peak reaches as high as 0.2 mA
and voltage as high as 150 V, implying high energy harvesting
efficiency of the designed unit. The corresponding energy output
in each cycle is about 0.1 pJ (Fig. S7 in the ESM).

The effects of rotation dynamics and unit configuration on
voltage output are investigated. First, as shown in Fig. 3(c), the
peak voltage does not change much when the rotation angular
velocity increases from 100 to 400 °/s. This is because the sliding
velocity of the water column relative to the tube has an upper limit
setby friction, i.e., further increasing rotation speed exceeding 100 °/s
does not lead to faster sliding of the water column. Second, the
peak voltage is the highest when the source electrode and water
column have the same length (Fig. 3(d)), which is consistent with
previous reports [31, 32]. This can be explained as follows. A water
column shorter than the source electrode results in smaller water-
solid interface and thus less charge transfer; a water column longer
than the source electrode results in longer overlapping area
between the water column and source electrode when water

contacts with drain-II (when rotating clockwise) and drain-I
(when rotating counter-clockwise), reducing instantaneous charge
transfer. Third, peak voltage increases with increasing the length of
the source electrode and water column (Fig. 3(e)), because a
longer source electrode contributes to larger water-solid interface
for electrostatic induction. This implies the unit can be facilely
scaled up by elongating the source electrode and water column.
Based on these results and considering the size of the “evaporation
motor”, a source electrode and water column of 4 cm are used in
the hybrid hydrovoltaic generator, investigated in the next section.

24 Hybrid hydrovoltaic electricity generation solely
driven by natural water evaporation

After verifying that the standalone parts (evaporation-driven
rotation, evaporation- and water-droplet-induced electricity)
function as desired separately, we loaded the electricity generation
devices onto the “evaporation motor” to obtain the hybrid
hydrovoltaic generator, which is displayed in Fig. 4(a). We firstly
confirmed that the hybrid generator could rotate driven by water
evaporation and the period is about 64 s (Supplementary Video 2).
With this rotary motion, the evaporation-electricity device was
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Figure4 Performance of the hybrid hydrovoltaic generator. (a) Photo of the hybrid generator. Voltage output of the (b) evaporation-electricity and (c) droplet-
electricity devices in the hybrid generator. (d) Diagram of the power management circuits. (e) Integrated voltage and (f) current output of the hybrid generator. (g)
Charging curves of the capacitors; insert is a liquid crystal display powered by the capacitor (10 uF) charged by the integrated output.

immersed into and pulled out from water, making it work under
the water-film mode that can efficiently induce electricity from
water evaporation. As shown in Fig.4(b), the obtained output
peak voltage is ~3.8 V. The rotary motion also leads to the water
column sliding inside the tube, producing a peak voltage of ~110 V
(Fig. 4(c)). These results are similar to what obtained from the
standalone devices working separately.

In order to integrate the power output from the evaporation
and water-droplet devices, power management circuits (Fig. 4(d)
and Fig. S8 in the ESM) were adopted [29]. Since the droplet
device output has two pulses in each cycle with opposite polarities,
a full-wave bridge rectifier is used to realize AC to DC conversion
with high efficiency. An inductor of 2 H is used to capture energy
from the high-peak but fort-duration pulses. The evaporation-
electricity device is connected in parallel with the output of the
power management circuits and a diode is added to eliminate
current flow back. The integrated output voltage and current are
exhibited in Figs. 4(e) and 4(f). It can be seen that the output from
the evaporation-electricity device is similar to that shown in Fig.
4(b). The output of the droplet-electricity device, i.e., pulses with a
peak of ~110 V, becomes pulses with DC tail components. The
DC components are reflected as baseline shifts of ~2.1 V in Fig.
4(e) and ~50 nA in Fig. 4(f). This is because the inductor absorbs
part of the pulse energy and the slowly releases it. Overall, the
outputs of the evaporation-electricity device and droplet-electricity
device are appropriately integrated to deliver augmented output.
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To demonstrate potential applications of the hybrid
hydrovoltaic generator, three capacitors are charged by the
integrated output, respectively, and the voltage evolution curves
are shown in Fig. 4(g). The 4.7 uF capacitor was charged to 3 V in
400 s; the 10 and 22 pF capacitors were charged to about 2.5and 2 V
in 1240 s, respectively. The stored energy in the 10 uF capacitor
then successfully powered on a liquid crystal display (insert in Fig.
4(g)). Benefiting from the omnipresent nature of water
evaporation, our device is subject to less restrictions from
surrounding environments and weather and would find more
widespread potential applications.

3 Conclusions

As different types of hydrovoltaic devices require distinctive
stimuli, it is challenging to make them work simultaneously,
especially under one single driving force. In this work, with the
integration of an evaporation-dependent heat engine with two
types of hydrovoltaic devices based on evaporation and water
droplet, we for the first time developed a hybrid hydrovoltaic
generator that is solely driven by water evaporation. The self-
floating design makes it of low rotation resistance and easy to
deploy. The induced recurring rotary motion propels water
droplet to slide in a dielectric tube and produce pulse output ~100 V
and ~0.2 mA. Meanwhile, rotary motion enables the evaporation-
electricity device to work under a beneficial water-film operation
mode that we recently developed to generate output of ~4 V and
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~0.2 pA. Potential applications were demonstrated by charging
capacitors by the integrated output and power electronics. This
work paves the way for developing hybrid hydrovoltaic generators
and further advancing hydrovoltaic technologies.
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