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The fabrication of power generators utilized by streaming potential has been attracting profound interests for various applications

such as wearable healthcare and self-powered micro/nano systems. So far, streaming potential has been generated by a charged

channel wall and accumulated counter-ions. However, this approach is assumed as no-slip boundary condition, while the slippery

channel wall is critical for high efficiency. Herein, we demonstrate a microfluidic power generator based on streaming potential that

can be intrinsically charged at a hydrophobic channel wall. This charging mechanism has higher values of charge density and slip

boundary condition. We have achieved output voltage of ~2.7 V and streaming conductance density of ~1.23 A/m2·bar with the

channel that is ~2 µm high and ~3.5 µm wide. Our result is a promising step for obtaining low-cost, high efficient power-generators

for micro/nano systems.
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1. Introduction

The fabrication of self-powered micro/nano systems with

sustainable, eco-friendly, and wireless operation properties is a key to

realization of effective energy harvesting in the ambient environments.1

Therefore, self-powered micro/nano systems have been extensively

studied based on diverse mechanisms such as piezoelectricity,1-3

triboelectricity,4,5 pyroelectricity,6,7 and streaming potential based

power-generators (PGs).8-16 Among the micro/nano PGs, the streaming

potential based ones have the potentiality to be expanded to biomedical

applications with the advantages of micro/nanofluidic systems which

have been widely utilized in real-time monitoring biosensors,17-19

biomedical diagnostics,20 and DNA analysis.21

The streaming potential generated by the electrokinetic phenomena in

micro/nanochannel occurs owing to the charge displacement in the

electric double layer (EDL) caused by an external force shifting the

liquid phase tangentially against the solid. It should be noted that studies

on the streaming potential based PGs have been on the subjects of

reducing the channel dimensions and modifying the surface property of

the channel.13,14,22 If the channel dimensions are reduced to the Debye

screening length (i.e., EDL thickness), then the surface to volume ratio of
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the channel system becomes exceptionally high and the utilization of

high charge density becomes feasible. This leads to high efficiency of

power conversion in the streaming potential based PGs.10 While

conventional micro/nanofluidic PGs have no-slip boundary condition at

the fluid/solid channel interface, several studies investigated the benefit

of the slippery channel surface. In the no-slip condition, highly

concentrated ions near the channel walls are immobile as the working

fluid flows. On the contrary, in the Navier’s slip condition, highly

concentrated ions within the range of the slip plane and the channel walls

become mobile, which provides the enhanced efficiency of power

conversion.23,24 To the best of our knowledge, there have not been many

studies pertaining to employing other charging mechanisms in streaming

potential based PGs to generate currents and power.

In this paper, we report an eco-friendly and efficient microfluidic

PGs based on the interaction between deionized (DI) water and

hydrophobic-channel surface. We have used DI water as a working

fluid and the hydrophobic polydimethylsiloxane (PDMS) as a solid

channel in the streaming potential based microfluidic PG to make the

interaction between the PDMS channel and DI water possess high

charge density as well as inducing the slip boundary condition. By

employing intrinsic charge generation at the interface between the DI

water/hydrophobic surface and the slip-enhanced electrokinetic energy

conversion, we have achieved output voltage of ~2.7 V and streaming

conductance density of ~1.23 A/m2·bar with the channel that is ~2 μm

high and ~3.5 μm wide.

2. Experimental

The microfluidic PGs were fabricated through soft lithography and

microelectromechanical systems (MEMS) technology.

2.1 Fabrications of Microfluidic Chip

Si master mold with micro-line patterns (Lines are 3.5 μm wide

with a spacing of 4.5 μm; the entire patterned region is 5 mm in width

and 4 mm in length) were fabricated by conventional photolithography

technology and reactive ion etching (RIE) process. In order to compare

the electrokinetic effect of microfluidic PGs with different channel

heights, we made two micro-line patterned Si master molds with

channels with heights of 2 and 6 μm. Next, post-surface treatment with

octafluorocyclobutane (C4F8) gas was performed onto the Si master

molds to reduce the surface energy and to better detach the PDMS

mold.

Fig. 1(a) shows the fabrication process of the microfluidic PG. First,

PDMS prepolymer was casted onto the surface-treated Si master mold

and degassed in a vacuum chamber. Degassed PDMS prepolymer was

thermally cured in an oven at 70oC for 2 hr. In this manner, the micro-

line pattern on the Si master was replicated with PDMS material. Then,

the PDMS replica was detached from the Si master mold and tailored

in the size of 30 mm in length and 15 mm in width. The micro-line

arrays were located in the center of the PDMS replica. The two ends

of the PDMS replica had an empty semi-circle space that serves as a

water resorvoir and has the electrodes located within. To make the inlet

and outlet, two holes were punched at each end of the channel.

Subsequently, the micro-line patterend PDMS replica was bonded with

the flat PDMS blanket under an oxygen plasma treatment, and micro-

channels were formed in the middle of the PDMS microfluidic chip.

Since the oxygen plasma treatment made the PDMS surface

temporarily hydrophilic, we placed the PDMS microfluidic chip into

the oven at 120oC for two days so as to recover their inherent

hydrophobic characteristics. We measured contact angles of the PDMS

surfaces to confirm the recovery of hydrophobicity of PDMS which is

treated with oxygen plasma. The contact angle of bare PDMS was

~108.3o and PDMS after 48 h in the oven at 120oC was ~104.5o.

Finally, the microfluidic PG was made by inserting tubular Cu

electrodes (outer diameter: 3 mm) into the two holes. These tubular

shaped electrodes serve as both charge collector and fluid tubing. Fig.

1(b) shows a digital camera image of our prepared microfluidic PG.

Fig. 1 (a) Schematic illustrations of fabrication process for microfluidic PG with soft lithography technology, (b) A digital camera image of as-

fabricated microfluidic PG, (c) SEM images of the micro-line arrays on PDMS substrate, (d) Cross-Sectional SEM images of the micro-

channel arrays inside the microfluidic PG
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2.2 Microchannel Characterization

The microchannel is located in the center of the device, and a

maginfied scanning microscopy image (SEM) and a sectional SEM

image are shown in Figs. 1(c) and 1(d), respectively. The microchannel

array is uniform and well-defined over a large area with the channel

with a width of ~3.5 μm and a height of ~2 μm, which consists of

solely hydrophobic PDMS materials. The SEM image of the device

with different channels with a height of ~6 μm is shown in the inset

image of Fig. 4(b). Surface images of microchannel patterned PDMS

mold and cross-sectional images of microfluidic PGs were obtained by

using field-emission scanning electron microscope (FE-SEM; Carl

Zeiss Auriga). 

2.3 Electric Power Measurements

Ethanol was injected into each reservoir of the fabricated

microfluidic PG by using syringe to make a pathway of water inside

the hydrophobic channel. Ethanol in the reservoir was substituted into

water and pressure was applied to the channel to remove the ethanol

remained inside. The water was driven by applying a nitrogen gas

pressure difference by using microfluidic flow control system

(Fluigent, FCS-EZ,). The resulting streaming potential/current was

measured with a picoammeter (Keithley Instruments, 6517A) through

Cu electrodes.

3. Results and Discussions

3.1 Principles of Intrinsic Charge Generation and Streaming

Potential/Current

Fig. 2(a) shows the schematic illustrations of streaming potential/

current. We applied a hydraulic pressure difference along the channel

length by using microfluidic pressure control system (Fluigent, MFCS-

EZ). Electrically neutral working fluids have an electrical charge

distribution at the interface between the liquid and solid surface. This

region is known as the EDL, which causes various electrokinetic

phenomena such as electrophoresis, electro-osmosis, and streaming

potential/current. Instead of the charged channel wall and the

accumulated counter-ions, the DI water itself has been negatively

charged at the water/hydrophobic interface. If the channel height

reaches EDL thickness or becomes narrower, the EDLs are overlapped

while negative ions become dominating charge carriers.16 Therefore,

the pressure-driven flow could carry a net negative charge. It induces

both a potential difference and advection current, which are called

streaming potential and streaming current. Fig. 2(b) demonstrates the

schematic illustrations of EDL at the DI water/PDMS interface. Although

hydrophobic materials such as PDMS are considered chemically inert and

thus are not considered to have charge-generating groups,
25 recent

experimental studies that used zeta potential measurement, vibrational

sum-frequency generation (VSFG) spectroscopy and molecular

dynamics (MD) simulations have confirmed that water becomes

negatively charged in contact with hydrophobic interfaces.22,26-30

However, the charging mechanism at the water-hydrophobic interfaces

is still a subject of controversy.

The proposed mechanism suggested by previous studies can be

summarized as mainly two postulates: (a) The specific adsorption of

hydroxide ions (OH-) to hydrophobic layer is stronger than H+ (or

hydronium ions) and this results in negative surface charge (Fig. 2(b)

top).27-29 (b) The charge transfer between water molecules can also give

rise to negative surface charge. Compared to the isotropic environment

of the bulk water, the symmetry of water molecules (e.g. tetrahedral

arrangement) is broken at the water/hydrophobic interface. The

truncation of hydrogen bonds results in imbalanced donating and

accepting hydrogen bonds, which causes the hydrogen bond acceptor to

be positively charged and the hydrogen bond donor to be negatively

charged due to the electron density shift from the lone pair on the

accepting oxygen to the donating water molecule (Fig. 2(b) bottom).

This imbalance in donating and accepting hydrogen bonds induces a

local excess negative charge in the water at ~0.5 nm from the Gibbs

dividing surface (cf. this depth is close to the location of the slip plane

for electrophoretic mobility measurements in water).22,26,29,30 This

negatively charged surface at the water/hydrophobic interface has also

been confirmed by zeta potential measurement in previous reports.19

Thanks to the intrinsic charge generation at the DI water/hydrophobic

interface, streaming potential/current can be generated in our

microfluidic PGs.

Hydrophobic property of PDMS channel allows to give rise to slip

condition at the liquid/solid interface which induces the enhanced

liquid flow velocity (shown in Fig. 2(c)).31 It is assumed that the

conventional PGs that use silica channel hold no-slip boundary

condition and thus the fluid is stationary at the solid interface where the

ion density is highly concentrated. Consequently, the capability of ionic

transport is limited to these channel types. On the contrary, the

hydrophobic surface can take advantage of slipping flow at the

boundary, which decreases the fluidic impedance and increases the

streaming conductance. Therefore, the slip condition of the

Fig. 2 (a) The illustration of our microfluidic PG system, and

schematics of (b) charging mechanism at the interface between

DI water and hydrophobic surface, (c) Slip-Enhanced

electrokinetic effects
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hydrophobic surface should improve the electrokinetic energy

conversion efficiency.

3.2 Electrokinetic Power Performances

Fig. 3 shows the electrical characteristics of the as-fabricated

microfluidic PG. In this study, DI water was used as working fluid.

Based on digital microfluidic pressure control system, the DI water

runs through the hydrophobic micro-channel of the microfluidic PG. As

mentioned earlier, the hydrophobic surface in contact with the DI water

becomes negatively charged and therefore, the working fluid could

carry a net electrical charge in EDL. When a pressure difference of 1.5

bar is applied, a constant open-circuit voltage output was measured as

~2.8 V. When the pressure difference was removed, the voltage outputs

rapidly disappear and the same results were consistently observed by

several repeated tests (shown in Fig. 3(a)). Under the same operating

condition, the corresponding short-circuit current of ~8 nA was

measured. Also, the steady outputs of the current are observed during

on-off cycles. To confirm that the output currents are generated by

microfluidic PG rather than the measurement system, a switching test

was performed. As demonstrated in Fig. 3(b), when the direction of the

working fluid was reversed, the same magnitude but opposite sign for

the current outputs was observed. It confirms that the electrical outputs

were generated by the microfluidic PG itself. 

The dependence of the electrical outputs on the pressure difference

was also investigated. The pressure difference was increased from 0 to

1.5 bar with a step of 0.3 bar. As shown in Fig. 4(a), the plot of the

current output versus input pressure difference seems linear, which

indicates that the microfluidic PG based on DI water and simple device

configuration have the potentiality to be utilized as an active pressure

sensor without any external power sources. Also, it is worthwhile to

mention that the as-fabricated microfluidic PG shows the stable

operating condition under varied pressure differences. From the linear

fit of current variation by pressure, the slope is determined as ~5.4 nA/

bar, which indicates the streaming conductance defined as dQ/dΔV

= dI/dΔp = Sstr,
14 where Q is the flow rate.

To investigate the effects of channel height in the microfluidic PG

systems, electrical output voltage and streaming conductance were

measured with channel heights of 2 and 6 μm, respectively (shown in

Fig. 4(b)). The current outputs increase with increasing channel height,

due to the increased flow rate of the device under the same pressure

differences of 1.5 bar. It means that more energy is supplied to the

system with the channel height of 6 μm (input energy is proportional to

the multiplication of pressure difference and flow rate). To compare the

efficiency of the device, we employed a streaming conductance density,

which is streaming conductance divided by total channel cross-section

area (~0.004 mm2 for the channel height of 2 μm, ~0.013 mm2 for the

channel height of 6 μm). As a result, the streaming conductance density

of the device with the channel height of 2 μm is higher than that with

the channel height of 6 μm. For the channel height of 2 μm, streaming

conductance density of ~1.23 A/m2·bar is achieved. This is because the

surface to volume ratio of the device with the channel height of 2 μm

is 1.5 fold higher than that with the channel height of 6 μm and thus

it could more effectively utilize the surface charge at the liquid/solid

interface.

3.3 Comparison between DI Water and Tap Water

To verify the effectiveness of the DI water as a working fluid in the

hydrophobic surfaces, the electrical outputs of the DI water

(conductivity ~7 μS/cm, Human, Pure RO-360) versus tap water

(conductivity ~209 μS/cm)32 were measured and investigated (shown

Fig. 3 Electrokinetic performances of the microfluidic PG, (a) Open-

Circuit voltage, (b) Current outputs when flow direction is

forward and backward
Fig. 4 (a) Output current versus input pressure, where the slope of

fitting line indicates the streaming conductance, (b)

Comparisons of current and streaming conductance density

with variations of channel heights, where SEM images show

the cross-sections of each channel with heights of 2 and 6 μm
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in Fig. 5). Since the ion concentration is proportional to the ionic

conductivity and the EDL thickness is inversely proportional to the

square root of the ion concentration, the EDL thickness of DI water is

much thicker than that of tap water. When the tap water was utilized

as a working fluid in the hydrophobic channel based microfluidic PG,

the voltage outputs of ~0.2 V were observed. These values are quite

low compared to those of DI water (~2.8 V). It indicates that the higher

ion concentration in tap water than that in DI water results in

compressing the EDL thickness and in decreasing net negative charge

of fluid within the channel. This means that the diverse usage of these

streaming potential based microfluidic PGs with intrinsic charging

mechanism is possible and high streaming current/potential would be

expected by using more purified water. These characteristics of the

microfluidic PGs with intrinsic charging are distinguished from those

of the conventional PGs performed by the deprotonation mechanism

from the charged channel wall.

4. Conclusions

We report streaming potential based microfluidic PGs with the new

charging mechanism for generation of intrinsic charge at the DI water/

hydrophobic interface. The new charging mechanism possesses high

surface charge density as well as inducing slip boundary condition.

Based on the system, we achieved output voltage of ~2.7 V and

streaming conductance density of ~1.23 A/m2·bar with the channel

height of ~2 μm. The experimental results showed the linear

relationship between the applied pressure difference and the generated

output current. We also elucidated the effect of the ion concentration on

the streaming conductance by using DI water and tap water as working

fluids. Our results suggest that the high surface to volume ratio would

achieve higher efficiency, as the result of comparison of the channel

heights of 2 and 6 μm shows. It would be further studied to achieve

high energy conversion efficiency and total generated energy

simultaneously by increasing working fluid flux.
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