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Water-evaporation-induced electricity with
nanostructured carbon materials

Guobin Xue', Ying Xu?!, Tianpeng Ding', Jia Li', Jun Yin?, Wenwen Fei?, Yuanzhi Cao', Jin Yu?,
Longyan Yuan', Li Gong3, Jian Chen3, Shaozhi Deng3, Jun Zhou™ and Wanlin Guo?*

Water evaporation is a ubiquitous natural process’ that harvests
thermal energy from the ambient environment. It has previously
been utilized in a number of applications?® including the
synthesis of nanostructures®* and the creation of energy-
harvesting devices®. Here, we show that water evaporation
from the surface of a variety of nanostructured carbon materials
can be used to generate electricity. We find that evaporation
from centimetre-sized carbon black sheets can reliably generate
sustained voltages of up to 1V under ambient conditions. The
interaction between the water molecules and the carbon layers
and moreover evaporation-induced water flow within the
porous carbon sheets are thought to be key to the voltage
generation. This approach to electricity generation is related to
the traditional streaming potential’, which relies on driving
ionic solutions through narrow gaps, and the recently reported
method of moving ionic solutions across graphene surfaces®?®,
but as it exploits the natural process of evaporation and uses
cheap carbon black it could offer advantages in the development
of practical devices.

The experimental set-up for measuring water-evaporation-
induced electric potential in a carbon black (CB) sample is illus-
trated in Fig. la. First, two electrodes made of multiwalled carbon
nanotube (MWCNT) films were patterned on a quartz substrate
(Supplementary Fig. 1 and Supplementary Movie 1). Then, a
uniform CB sheet was collected on the substrate surface across the
two electrodes over an ethanol flame!®, which was annealed at
370°C for 2.5h and treated by plasma for 1 min at a power of
130 W. Scanning electron microscopy characterization shows that
the obtained CB sheet with thickness of about 70 um consists of
loosely aggregated nanoparticles with average diameter of ~20 nm
(Supplementary Fig. 1), forming a specific surface area of ~167
m”g ' (Supplementary Fig. 2). High-resolution transmission elec-
tron microscopy (HR-TEM) indicates that each of the onion-like
nanoparticles is basically formed of loosely stacked disordered gra-
phene flakes (Fig. 1b). This is also confirmed by Raman spec-
troscopy!!"'? (Supplementary Fig. 3). After the annealing and
plasma treatment, abundant functional groups are introduced to
the CB samples as characterized by X-ray photoelectron spec-
troscopy (Supplementary Fig. 4) and the CB samples become hydro-
philic so that water capillary action can occur along the samples.

The device, consisting of a CB sheet of size 1.0 x 2.5 cm® and two
MWCNT electrodes with width of 2 mm, shows a robust ohmic
contact between the CB sheet and electrodes (Supplementary
Fig. 5). The copper wires connecting the electrodes were carefully
covered by epoxy to avoid exposing them to water. After being

fully infiltrated by deionized (DI) water (conductivity of
~1.6x107*Sm™), the device was inserted into a 100 ml beaker
with DI water covering the bottom end of the CB as illustrated in
Fig. 1a. Surprisingly, an open-circuit voltage (V,,.) between the two
electrodes is generated and gradually rises up to 1V when the
capillary water reaches its maximum height along the CB sheet in
about 1 h (Fig. 1d, left inset). In all tests, the angle of the CB sheet
with the water surface is about 57.3° in the beaker, and the capillary
water can reach a height of about 2.0 cm. The induced voltage can
reliably be maintained around 1 V during the whole test that lasts
for 8 days with a stable short-circuit current (I;.) around 150 nA
(Supplementary Fig. 6) in the laboratory environment with the temp-
erature fluctuating between 21.7 and 23.6 °C and relative humidity
(RH) between 53.5 and 66%, as shown in Fig. 1d. The fluctuations
in the measured voltage can be explained by the fluctuating labora-
tory temperature and humidity during the test.

When a capillary-saturated CB device with stable voltage around
0.85 V was sealed within the beaker, water evaporation from the CB
surface gradually halted, and the induced voltage dropped accord-
ingly and finally died out within 1,000 s; when we unsealed the
system, the induced voltage rapidly returned to 0.85 V again. Such
sealing- and unsealing-induced voltage change can be completely
repeated as shown in Fig. 2a, indicating a strong correlation
between the induced voltage and water evaporation. As water
evaporates faster in the wind, the wind can be used to enhance
the induced voltage. (Supplementary Fig. 7). The enhancement
increases with increasing wind speed and disappears when the
wind stops (Fig. 2b). Wind at speed of 2.9 ms™ can raise the
voltage from ~0.8 to ~1.5 V. The induced voltage can also be signifi-
cantly suppressed from 1.1 to 0.25 V by increasing the humidity
from 45 to 90% at a fixed temperature of ~22°C (Fig. 2c and
Supplementary Fig. 8). In our experiment, when the environmental
temperature rises from 21.4 to 25°C, the relative humidity drops
accordingly from 75 to 60% and the induced voltage rises signifi-
cantly from ~0.8 to ~1.8 V, as shown in Fig. 2d. As a decrease in
humidity from 75 to 60% at a fixed temperature can only raise the
induced voltage by about 0.5 V, as read from Fig. 2¢, the remaining
0.5V increment should be attributed to the 3.6°C increase
in temperature.

To further confirm the evaporation as the origin of the induced
voltage, a seven-electrode device was used. As shown in the inset in
Fig. 2e, the two bottom electrodes of a seven-electrode device are
inserted into water while the rest of the electrodes are kept above
the bulk water level, and the saturated voltages measured between
each two neighbour electrodes, Vi ,, V, 3, V34, V45, V56 and
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Figure 1| Evaporation-induced electricity in CB. a, Schematic of device and experimental set-up for measuring evaporation-induced voltage. The device
consists of a 1.0 x 2.5 cm? CB sheet and two 2-mm-wide MWCNT electrodes on a quartz substrate. The device was inserted into DI water for voltage
measurements. b, Typical HR-TEM image of CB (purple circle in a). Scale bar, 5 nm. ¢, Schematic of the water evaporating from and induced water flow in
CB (purple oval in b). d, Open-circuit voltage (V,.) generated by water evaporation from the CB is sustained for 163 h under ambient laboratory conditions
with fluctuations in relative humidity between 53.5 and 66% and room temperature between 21.7 °C and 23.6 °C during the test. The measured curves
between 0 and 1.5 h, 70.0 and 70.1 h and 163.0 and 163.1 h are enlarged in the insets.

Ve_7, as well as between the two end electrodes 1 and 7, V,_,, are
presented in Fig. 2e. The measurement between each pair of
electrodes lasts for about 80 s. As the two bottom electrodes 1 and
2 are immersed in the water, there is no measurable voltage V;_,,
indicating that no voltage can be generated in the immersed CB
section without evaporation. The voltage between the two highest
electrodes Vg_; is also zero, simply because capillary water cannot
go beyond the sixth electrode. However, the rest of the CB sections
show increasing voltages from V, 3 to V34, to V,_5 and to Vs,
because as the capillary height increases, the faster the water
evaporates'>'4, Even though there is no voltage in sections 1-2 and
6-7, which play the role of a conductor, a summation of V; 3, V3 4,
Vis and Vs_g is equal to the measured V,_;. Similar experimental
results on more devices with multiple electrodes are presented in
Supplementary Fig. 9. Once the CB sheet is further immersed by
increasing the water level, the voltage will disappear in the newly
immersed section and shift with a drop in the rest of the sections
(Supplementary Fig. 10). When the whole device is immersed in
water, the voltage signal becomes very weak (Supplementary
Fig. 11). Careful investigation shows that the possible thermoelectric
potential caused by the local temperature reduction during the
water evaporation is four orders of magnitude weaker than the
measured voltage (Supplementary Fig. 12). When the two-electrode
device is turned over and the other end is dipped into the bulk
water, the induced voltage reverses its sign but can reach the same
amplitude (Fig. 2f).

All the results in Fig. 2 confirm that the sustainable voltage is
indeed induced by water evaporation from the CB sheet. The
possible mechanisms for the electricity generation should be the
interactions of water molecules with the carbon materials, especially
evaporation-induced water flow inside the porous carbon film. As
the CB nanoparticles mainly consist of loosely stacked disordered
graphene flakes, we calculated the charge redistribution caused by
adsorption of water molecules on graphene flakes with different
functional groups by density functional theory'>-'7. When a gra-
phene flake with a C-O-C group is covered by three layers of

water, a specific electric double layer forms at the water/graphene
interface with an electron depletion of about 0.7¢ in the graphene
layer (Fig. 3a). In comparison, the electron depletion drops to
0.0003e when the C-O-C group is removed (Fig. 3b). To under-
stand the effect of functional groups for the electricity generation,
further detailed experimental evidences are obtained. First,
Fourier transform infrared spectroscopy (FTIR) shows significantly
enhanced vibration peaks of O-H, C-O and C=0 bonds'® (Fig. 3c).
X-ray photoelectron spectroscopy (XPS) characterizations further
confirm the existence of these functional groups as well as C-OH,
C-0-C, C=0 and O=C-OH groups (Supplementary Fig. 5). As a
result, the treatment turns the CB sheet from hydrophobic to hydro-
philic, with the contact angle dropping from 143.25° to 10.15°
(insets of Fig. 3c and Supplementary Fig. 13). As shown in
Fig. 1d, the saturated V. in the treated CB sheet is about 1 V; but
for the pristine hydrophobic CB device before treatment, water
cannot go up along the CB film and the measured voltage can only
rise to 45 pV, as detailed in Supplementary Fig. 14. This means that
the annealing-and-plasma-treatment-induced functional groups are
essential for the electricity generation in our system.

As sustaining evaporation of water from the surface of the CB
film will certainly induce water flow up along the porous CB sheet
(Fig. 1¢), the streaming potential”!®, an important classical electro-
kinetic effect created by driving ionic solutions through insulated
narrow channels or porous media under a pressure gradient,
should contribute to the measured voltage. To reveal the contribution
of possible water-flow-induced potential driven by evaporation in
the CB sheet, we designed a specific experiment as schematically
shown in Fig. 3d. The bottom half of the CB sheet with two electro-
des with a spacing of 5 mm is sealed in the beaker by a polyethylene
(PE) membrane, while the top half of the CB sheet is exposed to
ambient air. Evaporation of water from the CB section outside the
PE membrane drives water flow along the porous CB sheet. This
water flow can induce a voltage between the electrodes, as recorded
in Fig. 3e, which is about 0.16 V without wind and can be enhanced
to 0.27 V by wind outside the sealed beaker. As the humidity inside
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Figure 2 | Ambient conditions-dependent evaporation-induced potential. a, Measured V., of the device when the beaker was periodically sealed and
unsealed. b, V,,. (black) enhanced by wind flow (red) with velocity of 1.9, 2.2, 2.4, 2.6 and 2.9 ms™" in the laboratory environment. ¢, V. (black) variation as
a function of relative ambient humidity (red) at a stable environmental temperature of ~22 °C. d, V,. (black) variation as a function of environmental
temperature (blue) and shift in ambient humidity (red). e, Saturated voltage differences between each two neighbouring electrodes of the seven-electrode
device (inset) with the bottom two electrodes being inserted in water. The space of the electrodes is fixed at 5 mm. The ambient temperature in ab and e is
~22 °C, and ambient relative humidity is ~70% in a and b and ~73% in e. f, Switching-polarity test of an evaporating-induced potential device. The induced
voltage reverses its sign when the device is turned over without changing the electric circuit connection. Red and black curves are the corresponding V. of

the device before and after it is turned over, respectively.

the sealed beaker is saturated at 100%, no evaporation occurs inside
the beaker and the measured voltage should be attributed to water
flow in the porous CB sheet driven by evaporation in the wet CB
section outside the beaker.

Possible ions such as H" and OH™ are inevitable in the above
experiments, although at very low concentration in the test system.
We performed the evaporation-induced potential experiment similar
to that in Fig. 1d with water containing different concentrations of
NaCl. It is shown that the voltage decreases as the NaCl concentration
increases from 107" moll™" to 1moll™" nearly monotonically
(Supplementary Fig. 15a). This ion concentration dependence is
similar to that of the streaming potential induced by pressure-
driven flow in nanochannels'. The zeta potential of the treated
carbon film was measured to be about —33.2 mV (Supplementary
Fig. 15b). Even without ions, our density functional theory (DFT)
simulations have shown that electron redistribution at the interface
of pure water and the functional graphene flakes can be significant
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enough for possible electrokinetic effects. As the evaporation-
induced voltage and current can be stably sustained for several
days (Fig. 1d and Supplementary Fig. 16) and rapidly drop once
the sample is sealed in a beaker, and because the voltage response
is negligible as the device is immersed in the water
(Supplementary Fig. 11), a possible chemical reaction at the inter-
face of carbon black should contribute little to the induced
voltage. Other mechanisms such as electron drag”, coupling of
water?! or molecular dipoles*? and free charge carriers®® may also
have effects on the electricity generation in our system, which
need intensive investigation in the future.

The evaporation-induced electricity has also been found in other
kinds of carbon material, including MWCNT films, acetylene CB,
toluene CB, pentanol CB and candle soot, although the induced
potential varies largely with materials (Supplementary Fig. 17).
The lowest evaporation-induced potential is measured in the
nanotube sample on the order of 10uV, whereas the highest
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Figure 3 | Origin of the evaporation-induced electricity. a,b, Charge redistribution in functional C-O-C graphene (@) and pristine graphene (b) covered by
three layers of water (yellow, gaining electron; blue, losing electron). The isosurface is set to 0.00015e A3, Water-contact-induced electron redistribution in
the carbon layer is labelled at the bottom of each panel. ¢, FTIR spectra of the pristine (black) and the annealing and plasma-treated (red) CB. Insets are
water contact angle images of pristine CB (bottom right) and the annealing and plasma-treated CB (top left). d, Experiment set-up for evaporation-induced
flow effect within the porous CB sheet. The bottom-half of the CB sheet with two electrodes at a spacing of 5 mm is sealed in the beaker by a PE
membrane, while the top-half of the CB sheet is exposed to ambient air. e, Evaporation in the top-half induced a voltage between the two electrodes at
different wind velocities.
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Figure 4 | Scaling and applications of the evaporation-induced electricity. a, Current-voltage curves of four individual devices and their series and parallel
connections. Inset: circuit diagram. b, Photograph of an LCD driven by four devices connected in series. Each of the devices was fabricated in the same way
as shown in Fig. 1a.

evaporation-induced potential around 1.3 V is obtained in toluene As has been shown in Fig. 1d, a centimetre-sized CB sheet can
CB, which is comparable to that in the ethanol CB discussed produce sustainable evaporation-induced potential around 1V in
above. The induced voltage in some ethanol CB samples can be ambient environment with peak output power up to 53 nW
up to 2 V (Supplementary Fig. 17a). (Supplementary Fig. 18). It is practically important that the

4 NATURE NANOTECHNOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturenanotechnology

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nnano.2016.300
http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Dbo!: 10.1038/NNANO.2016.300

LETTERS

output of the devices can be further scaled up simply through series
and parallel connections of multiple devices as shown in Fig. 4a.
When four small devices (with size of ~1.25 x 2.5 cm?, V,. of 1.1-
1.25V and I of 100-105 nA; Supplementary Table 1) are con-
nected in series, the evaporation-induced potential V,. can be
scaled up to 4.8 V, which is high enough to power a liquid crystal
display (LCD) with a complicated picture as shown in Fig. 4b
(Supplementary Movie 2). When the four devices are connected
in parallel, the evaporation-induced I can reach ~380 nA.

We have shown that water evaporation from a centimetre-sized
CB sheet, with a thickness of a few micrometres, can generate a
sustained voltage comparable to a standard AA battery. In comparison
with the previously reported methods to harvest energy from
complicated environments?*-%, such as vibration?, solar, wind,
and ocean energy®®, the electricity generation occurs in ambient
environment, converting ambient thermal energy directly into
electricity. In comparison with the classical streaming potential
produced by an externally applied pressure gradient and other
newly reported potentials created by, for example, gradients of
temperature or chemical concentration, the electricity generation
here is obtained through a natural process without mechanical
work or artificial energy input. The evaporation-induced potential
takes electric energy out of evaporation, which turns the sensible
energy into latent heat. Furthermore, as water evaporation from
carbon materials can be notably enhanced® and flow-induced
potential can be optimized, it should be possible to design devices
with enhanced electricity generation that can be used to complete
essential tasks, such as sterilization, water purification and desalination.
This approach could be of particular value in large-scale applications
in warm regions on Earth.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Chemicals and reagents. Multiwalled carbon nanotubes (MWCNTSs) were
purchased from XF Nano. Sulfuric acid (H,SO,), nitric acid (HNO3), ethanol,
propanol, butanol, pentanol, hexane and candle were purchased from Sinopharm
Chemical Regent. Acetylene CB was purchased from Alfa Aesar. Quartz plates
(25 x 75 x 1 mm® for two-electrode devices and 50 x 75 x 1 mm? for
multiple-electrode devices) were purchased from Jinghe Optical Instruments corp.

Synthesis of soluble MWCNT ink. Typically, 3 g of MWCNTSs was dispersed by
sonication in 130 ml mixed H,SO, and HNO; (H,SO,/HNO; = 3/1, v/v) solution
for 10 min. Then, the MWCNT-acid mixture was refluxed while stirring vigorously
for 2.5 h in a 90 °C oil bath. The mixture was allowed to cool at room temperature
after the refluxing process. The MWCNTs extracted from the residual acids were
purified by repeating the processes: diluting with distilled water, centrifuging and
decanting the solutions. When the supernatant was neutral, the treated MWCNT's
were redispersed in DI water with a concentration of 10 mgml™, forming a
MWCNT ink.

Fabrication of the CB devices. Quartz plates were cleaned ultrasonically in acetone,
alcohol and pure water and were dried in a 70 °C oven. Then, MWCNT ink was
printed on the quartz with desired patterns by a floating knife coater, which served as
the electrode. The electrodes were about 1.5 um thick and 2 mm wide, with
resistance measured to be ~2 kQ sq". For a two-electrode device, the space between
the two electrodes was 2.5 cm. Whereas for multiple-electrode devices, the space
between the centre of two neighbouring electrodes was 5 mm. CB sheets were locally
grown on the quartz plate using a quartz mask through an ethanol (or toluene,
pentanol) flame synthesis method!’. In a typical synthesis process, the quartz
substrate was mounted in the flame core 5.5 cm above the wick for 5 min with
surface temperature of 790-830 °C, while commercial acetylene CB (Alfa Aesar) was
printed on the quartz plate with two MWCNT electrodes. After annealing in air at
370 °C for 150 min and cooling to room temperature, the CB sheet was treated with
air plasma (pressure 100 Pa, RF power 130 W) for 60 s in a plasma cleaner
(Mingcheng, PDC-MG). Subsequently, enameled wires were bonded to the ends of
the MWCNT electrodes by conductive carbon tapes. Finally, all of the exposed
MWCNT electrode regions were encapsulated by epoxy to avoid contacting with the
liquid when the device is immersed.

Material characterizations. The morphology, structure and functional groups of CB
were characterized by scanning electron microscope (FEI Nova Nano450),
high-resolution transmission electron microscope (Titan G 60-300 probe Cs
corrector), Quantachrome Autosorb-1C-VP instrument, Fourier-transform infrared
spectrometer coupled with infrared microscope (Bruker Vertex 70), X-ray
photoelectron spectrometer (ESCALab250) and Raman spectrometer
(Renishaw-inVia, 514.5 nm line of an Ar™ laser). The contact angle of water droplets
on CB layer was measured by a Kino SL200B Contact Angle meter.

Device characterizations. After the device was completely wetted by DI water, the
device was inserted into a beaker (100 ml beaker was used for two-electrode device
test whereas 150 ml beaker was used for multi-electrode device test), then DI water
was added to the beaker with a syringe until the water level reached the bottom
electrode of the device. The current-voltage characterization of the device was
measured by Keithley 2400. The open-circuit voltage (Vo) of the device was
measured by Keithley 2000 and the short-circuit current (I,.) was measured by
a low-noise current preamplifier (SRS Model SR570). The environmental
temperature and humidity were recorded by Center 310 Rs-232 Humidity
Temperature Meter.

To investigate the V,, variation as a function of wind flow velocity, a fan with
controllable speed was used and the flow velocity was monitored by an anemograph
(Tecman TM826).

To investigate the V,, variation as a function of relative ambient humidity, the
device was placed in a testing space with controllable N, supply system
(Supplementary Fig. 19). The gas flow was divided into two paths by a set of silicon
tubes, one tube was connected to dry N, directly; the other tube was interrupted by a
gas bottle that was filled with water and immersed in a thermo tank. In this case,
certain water vapour would be brought out of the tube depending on the
temperature of hot water when N, passed through the gas bottle. The humidity of
the space could be adjusted by controlling the water vapour flow ratio and the water
temperature. The total gas flow was fixed at 200 1 h™". The relative humidity and
temperature was monitored in real time by a Center 310 Rs-232 Humidity
Temperature Meter.

To investigate the V,, variation as a function of environmental temperature as
well as the relative ambient humidity, an infrared bulb was used as a heating source
to increase the environmental temperature from 21.4 to 25 °C, while the
environment relative humidity dropped in accordance from 75 to 60%. The relative
humidity and temperature was monitored in real time by a Center 310 Rs-232
Humidity Temperature Meter.

To investigate the thermoelectric effect on the device, one end of the device was
fixed on a heater that was controlled by a Lakeshore 335 Temperature Controller,
and the other end was fixed on a big stainless steel plate that acted as a cooler. The
heater was heated from ~22 °C to 94.3 °C and then cooled to room temperature.
Meanwhile, the induced voltage was monitored. To investigate the output of the
device, different loads with resistance of 0.5, 1, 2, 4, 6, 8, 10, 20, 40, 60, 80 and
100 MQ were connected with the device, respectively. The voltage drop (V') and
current (I) across different load were recorded.

Computational method. First-principles calculations were performed within the
framework of DFT as encoded in Vienna Ab-initio Simulation Package code'®™”-
The projector-augmented wave method for the core region and the Perdew—
Burke-Ernzerhof (PBE) functional for the exchange-correlation potential were
employed®. The van der Waals interactions were considered in the calculations.
The kinetic energy cutoff of the plane-wave expansion was set to be 500 eV.

The geometry was fully relaxed with the conjugate gradient method until the
force on each atom was less than 0.01 €V A™". The convergence for energy was
chosen as 107 between two consecutive steps for geometric optimize and 10~
for static calculations.

To elucidate the mechanism, three theoretical models based on DFT calculations
were built in this work. For all cases, the vacuum between two adjacent planes was set
larger than 20 A to avoid the interactions between period images. And charge
redistribution was defined as Ap = prgiw — PrG — Pw» Where prg.w» pPrg and p,, denote
the charge distribution of the whole adsorption system, graphene with functional
groups and water molecule. To give a direct comparison of numerical values for
electron transfer, Bader analysis was used to calculate the charge transfer in atoms.

To study the water adsorption on the surface of (functional) graphene,
water molecules adsorbed on a 6 x 6 supercell of graphene were compared
without/with functional groups. The Brillouin zone was sampled with 2 x 2 x 1 grid
for geometric optimize and 6 x 6 x 1 grid for static calculations. Typically, for -O
functional group, the oxygen atom was adsorbed between the two nearest carbon
atoms, forming the C-O-C triangle structure. The calculation results of when
the C-O-C graphene and pristine graphene are covered by three layers of water
are presented in Fig. 3a,b.

Data availability. All data generated or analysed during this study are included in

this published article (and its Supplementary Information files).
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