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ABSTRACT 
 The utilization of spontaneous capillary driven water 
evaporation to generate electricity can be considered as 
a green and potential approach to the energy and 
pollution issues in very recent years. Various attempts 
have been made to harvest this green energy in the 
previous works, which is from the interactions between 
water molecules and solid materials of nano-structures. 
However, few literatures reported the capillary driven 
evaporation phenomena for the device design, especially 
the effect of geometry was not considered. Therefore, 
four porous carbon black films with different geometries 
are inhouse fabricated and tested in present work. It is 
found that the generated open-circuit voltages in 
different geometrical films are different accordingly. 
Through optimizing the geometry of the film, the 
generated voltage is increased by up to 200% in present 
experiment. It should be a promising way to improve the 
output performance of this kind of electricity generation 
devices. The principle behind this evaporation-induced 
electricity generation and the effect of geometry on 
volume flow inside the porous film are then revealed. 
The findings in this work can be used to guide the design 
of green evaporation-induced electricity generators. 

Keywords: voltage generation, capillary driven 
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NOMENCLATURE 

Abbreviations 
SEM Scanning Electron Microscopy 

 EDL Electric Double Layer 
Symbols 
𝜆𝐷 Debye length 
𝜀 permittivity of liquid 
𝜀0 permittivity of a vacuum 
𝑅 universal gas constant 
𝑇 absolute temperature 
𝑛𝑏𝑢𝑙𝑘  concentration of solution 

𝑧 valence number 
𝐹 Faraday’s constant 
𝑉𝑠 streaming potential 
Δ𝑃 pressure difference 
σ conductivity of solution 
𝜁 zeta potential 
η viscosity of solution 

1. INTRODUCTION
The development of social civilization and the

progress of science and technology are fast in recent 
years. However, the consumption of energy has also 
shown an explosive growth, followed by an increasing 
environmental pollution. Nowadays, these two problems 
have been two serious global issues. Therefore, finding 
new green energy to replace the traditional fossil one is 
necessary [1]. Based on the recent research works, it is 
reported that converting the environmental energy into 
electrical one should be possible. Several new energy-
conversion techniques, such as piezoelectric [2, 3], 
thermoelectric [4, 5], and triboelectric ones [6, 7], have 
been proposed. However, these techniques normally 
require external energy inputs, such as mechanical 
energy or thermal energy, which cannot continuously 
provide output. Nowadays, a new energy harvest 
technique has been proposed, named as "hydrovoltaic 
effect" [8]. It is demonstrated that the electricity can be 
generated through the interaction between water 
molecules and nano materials, including fluid flowing [9, 
10], droplet dropping [11, 12], and liquid evaporation 
[13-24]. Considering the spontaneity and ubiquity of 
water evaporation on the earth, it is valuable to harvest 
this energy dissipated to the environment, which 
occupies 75% of energy received from sun [25]. 

Zhou et al. [13] demonstrated that the evaporation 
on an ethanol carbon black film can output a continued 
open-circuit voltage of 1.0 V under ambient conditions, 
which was annealed and plasma-treated. The 
evaporation-driven water flow in the nano carbon pores 
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generates the electricity. However, the mechanical 
characteristic of this flame-deposited ethanol carbon 
black film should be improved. Zhou et al. [14] then 
continued their fabrication. Methylbenzene soot, ethyl 
cellulose and terpineol were mixed with ethanol, and a 
uniform carbon slurry was prepared after stirring and 
heating process, which was printed on Al2O3 substrate. A 
continued voltage of 1.0 V can also be generated with 
this robust all-printed porous carbon film. The glass fiber 
was added into the above slurry [15], and as a result, 
Zhou et al. achieved a self-supporting porous carbon 
film. As it needs no extra substrate, the water can 
evaporate from both sides of the carbon film at the same 
time, which obviously increase the output power 
density. To further improve the output capability, Zhou 
et al. [16] modified the zeta potential of carbon particles 
through adjusting the functional groups on the surface 
and fabricated a two-layer carbon film with opposite ion 
preferences, which can achieve an output of ~5 V.  

In addition to carbon materials, there are many other 
materials can be used for electricity generation based on 
water evaporation, such as Ni-Al layered double 
hydroxide [17], porous graphene oxide sponge [18], 
silicon nanowire arrays (SiNWs) [19], microporous 
alumina [20], and even nature wood [21]. With freeze-
drying method, Yao et al. [18] used one porous graphene 
oxide sponge to convert surrounding environment 
energy to electricity through water evaporation. The 
obtained open-circuit voltage was at 0.63 V. The 
streaming potential was assumed to make this 
contribution. Sun et al. [19] found that an open-circuit 
voltage of ~400 mV can be generated via water 
evaporation in SiNWs. Considering the Debye screening 
effect and Coulomb interaction, they believed that the 
electron concentration gradient due to the internal flow 
was the mechanism behind the electricity generation. 
Kim et al. [22, 23] realized natural water evaporation-
induced electricity generation through porous films of 
ZnO, MoS2 and SiO2, respectively. According to the 
theoretical analysis and experimental observation, they 
explained that the continuous ion-electron interactions 
at an electrolyte-nanoconduit interface is a key to the 
continuity of electricity generation, which was also 
verified through the analysis of ion specificity and 
concentration dependency in the device. 

However, few literatures put focus on the capillary 
driven evaporation process. In addition to the 
environmental parameters (such as temperature, 
humidity, wind speed, etc.) affecting it, the geometry of 
the devices also has an influence on it, since the 
geometry has a direct impact on the size of the 
evaporation area, and more importantly, the liquid flow 
inside the devices. Guo et al. [24] fabricated an isosceles 

trapezoid-shape porous carbon film, and found that the 
geometry can have effect on the generated voltage due 
to the varied flow rates and capillary heights. Therefore, 
optimizing the geometry of the devices at the stage of 
fabrication is an efficient and simple way to improve the 
output power performance of the green evaporation-
induced electricity generation devices. In this work, four 
carbon black films with different geometries are 
fabricated and tested. The influence due to the geometry 
on the capillary and evaporation process is studied, 
which should be a key factor to the electricity generation 
through spontaneous capillary driven water evaporation. 

2. EXPERIMENTAL METHOD
The porous carbon black films are fabricated based

on a printed method [14]. 2 g carbon black power is 
mixed with 4 g ethyl cellulose, 12 g terpineol and 150 mL 
ethanol. Then it is stirred with a magnetic stirrer at 70 ℃. 
After 300 minutes, around 50 mL of carbon slurry with 
good uniformity and viscosity can be obtained. The 
preparation process is shown in Fig. 1 (a). 

Fig. 1 (a) The preparation process of carbon slurry and 
(b) Photo of experimental samples
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Al2O3 ceramic sheets are used as the substrates, and 
are cleaned ultrasonically in acetone, ethanol and 
deionized water for 20 min each. After drying with 
nitrogen gas, several clean substrates can be provided.  

Carbon nanotube ink is printed on the Al2O3 
substrates as electrodes. Then, carbon slurry is printed 
on the substrates in the designed geometry, as shown in 
Fig. 2. The size of the substrate is 85 mm × 30 mm × 1mm. 
The width of both electrodes is 5 mm, and the distance 
between two electrodes is 65 mm. The positive electrode 
is on the top, and the bottom one is the negative 
electrode. The width of sample 1 # is 20 mm, and the 
width of sample 2 # is 10 mm. The geometry of sample 3 
# is narrow at the top (10 mm) and wide at the bottom 
(20 mm), which is opposite to sample 4 #. The length of 
these two parts is the same, both are 32.5 mm. In 
addition, the printed slurry of each sample is extended 
up and down 10 mm in length, which is to overlap two 
electrodes. 

 

Fig. 2 Schematic diagram of the dimension of 
experimental samples 

The samples are annealed in the Muffle furnace at 
350 ℃ in air for 2.5 hours, then they are naturally cooled. 
Fig. 1 (b) is the photo of experimental samples. At last, 
these four samples are wired and the exposed electrodes 
are sealed with epoxy. The observation with scanning 
electron microscopy (SEM) is performed to analyze the 
morphology of the samples. 

The samples are put into containers with an 
appropriate amount of deionized water, which can 
immerse the bottom electrode. And the samples are 
connected to a data acquisition system, which collects 
the value of open-circuit voltage of each sample and 
uploads it to a computer every 5 seconds. 
 
3. RESULTS AND DISCUSSION 

The SEM image (Fig. 3) shows that the porous carbon 
black film consists of nanoparticles is under a loosely 

aggregated status, which form the micro and nano 
channels for water to flow through. 

In previous studies [14, 18, 19, 21], the mechanism 
of the evaporation-induced electricity generation was 
discussed with the analytical and experimental methods. 
It is believed that as the deionized water contacts the 
carbon surface, an electric double layer (EDL) will be 
formed at the water-solid interface. Furthermore, if the 
radius of pore is smaller than the Debye length of 
deionized water, the EDLs will overlap. The overlapped 
EDLs will repel ions with the same electrical property as 
the surface of the solid materials, and only allow ions 
with the opposite electrical property to pass through the 
pore, thus forming one way nanochannel for ions [26]. 
Ions in the deionized water that are electrically opposite 
to the surface of the carbon film will accumulate in the 
direction of liquid flow, thereby generating a streaming 
potential [27]. 

 

Fig. 3 SEM image of the porous carbon black film 

The Debye-Hückel formula can be adopted to 
determine the Debye length [28, 29]: 

𝜆𝐷 = √
𝜀𝜀0𝑅𝑇

2𝑛𝑏𝑢𝑙𝑘𝑧
2𝐹2

(1) 

in which, 𝜆𝐷 is the Debye length, 𝜀 is the permittivity 
of water, 𝜀0 is the permittivity of a vacuum, 𝑅  is the 
universal gas constant, 𝑇 is the absolute temperature, 
𝑛𝑏𝑢𝑙𝑘 is the concentration of solution, 𝑧 is the valence 
number and 𝐹 is the Faraday’s constant. According to 
this formula, the Debye length of deionized water is 
calculated to be about 900 nm. 

As shown in Fig. 3, there exists the pores with radius 
less than 900 nm, which can generate the streaming 
potential.  
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Fig. 4 shows the electricity generation via 
spontaneous capillary driven water evaporation. The 
combined effect of capillary force and natural 
evaporation induces an upward water flow in the film, 
whose surface is negatively charged, thus the protons 
(H+) and hydronium ions (H3O+) are carried uphill in the 
pores with a radius less than 900 nm. Finally, a higher 
potential is generated at the electrode on the top [14]. 

 

Fig. 4 Schematic diagram of the electricity generation 
via spontaneous capillary driven water evaporation in 

carbon black films 

The generated open-circuit voltages are different in 
the experimental samples with different geometries, as 
shown in Fig. 5. However, the trends of this value over 
time are the same: rise-fall-rise and gradually tend to a 
stable value. The initial moment is as the bottom 
electrode is immersed by deionized water. The samples 
are kept at an inclination of 45°. Under the capillary 
effect, the deionized water flows upward through the 
pores in the film. Therefore, the generated voltage also 
increases to a maximum value rapidly. At this point, the 
capillary distance has reached the maximum value and 
the sample is saturated. After that, the capillary action 
becomes weaker, so the value of the generated voltage 
gradually decreases. Finally, as the evaporation and 
capillary gradually become balanced, the voltage also 
approaches a relatively stable value. After about 7500 
seconds, the open-circuit voltage generated by sample 1 
# - 3 # stabilized at around 25 mV, 30 mV, and 75 mV, 
respectively.  

The streaming potential can be calculated as [30]: 

𝑉𝑆 =
𝜀

𝜎𝜂
Δ𝑃𝜁 (2) 

in which, 𝑉𝑠  is the streaming potential, 𝜀  is the 
permittivity of water, 𝜎 is the conductivity of solution, 
𝜂  is the viscosity of solution, Δ𝑃  is the pressure 
difference over the channel, 𝜁  is the zeta potential, 
which is the potential at the plane of shear. 

 

Fig. 5 Generated open-circuit voltage 

Here, only the pressure difference will have 
influence on the streaming potential, since all other 
parameters, such as the conductivity of solution, remain 
the same. And the pressure difference is related to the 
volume flow of the liquid [27]. Since the carbon black 
nanoparticles are uniformly distributed in the carbon 
slurry, and the slurry is evenly printed on the Al2O3 
substrate, it can be assumed that the number and size of 
pores in the carbon black film are also uniformly 
distributed. So, the initial velocity of deionized water is 
the same at the inlet of all the samples. Under the same 
condition of the inlet velocity, the larger the cross-
sectional area, the larger the volume flow. Therefore, the 
initial volume flow in sample 1 # is larger than that in 
sample 2 #. However, the carbon black nanoparticles are 
interconnected, forming the channels in different 
directions. Since sample 1 # is wider than sample 2 #, the 
flow distance in sample 1 # is larger than that in sample 
2 #, which causes a higher friction loss and a smaller flow 
velocity. The flow velocity decreases gradually with the 
height. Although sample 1 # has larger initial volume 
flow, the loss along the channel is also higher than that 
of sample 2 #. Therefore, it is hard to directly determine 
which volume flow of these two samples is larger. 
According to the experimental data, it can be shown that 
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the open-circuit voltage generated by sample 2 # is 
slightly higher than that of sample 1 #, so it can be 
inferred that the volume flow of sample 2 # is larger.  

The advantage of sample 1 # is the larger initial 
volume flow, while the advantage of sample 2 # is the 
less flow loss along the channel. Under such assumption, 
sample 3 # is fabricated, which integrates these two 
advantages. It is narrow at the top and wide at the 
bottom. One sudden-shrinked geometry is formed at the 
junction of these two sections. Although it may lead to a 
large loss, the velocity of the fluid also increases 
suddenly at the junction. Therefore, the volume flow in 
sample 3 # is the largest among sample 1 # to 3 #, and 
the generated open-circuit voltage in sample 3 # is about 
3 times that of sample 1 # and 2.5 times that of sample 2 
#. In other words, by optimizing the geometry of the 
sample, the generated voltage can be increased by 200% 
and 150%, respectively. 

 

Fig. 6 Capillary height in sample 3 # and sample 4 # 

In addition, sample 4 # is also fabricated, the 
geometry of which is opposite to sample 3 #. Therefore, 
the generated voltage is lowest. In present experiment, 
only a small part of the pores has a radius less than 900 
nm in the carbon black film, and the samples have not 
undergone any surface modification treatment, so the 
value of the generated voltage should be very low. 
Furthermore, although all the exposed electrodes are 
sealed with epoxy, there still exists one unavoidable 
electrochemical reaction in present experiment, and the 
generated voltage is a slightly fluctuating negative value. 
Therefore, the collected value of open-circuit voltage will 
be smaller than the real value generated by the 
evaporation. In this experiment, these two generated 
voltages of sample 4 # offset each other. Therefore, the 

experimentally measured value of voltage generated by 
sample 4 # is close to zero. It can further confirm the 
above inference. Fig. 6 shows the observed capillary 
height of sample 3 # and 4 #, and this also proves that 
the geometry has a great influence on the capillary 
driven evaporation process, which should be a key factor 
to the electricity generation via spontaneous water 
evaporation. 
 
4. CONCULSION 

In conclusion, the geometry has a great effect on the 
generated electricity through spontaneous capillary 
driven water evaporation. Samples with different 
geometry have different capillary height, evaporation 
area, fluid velocity and volume flow. Through the 
optimization of the geometry, the generated open-
circuit voltage in sample 3 # is about 3 times that of 
sample 1 # and 2.5 times that of sample 2 #, respectively. 
Therefore, this work provides a promising way to 
enhance the output performance of the hydrovoltaic 
devices. 
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