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A Streaming Potential /Current-Based Microfluidic Direct
Current Generator for Self-Powered Nanosystems

Rui Zhang, Sihong Wang, Min-Hsin Yeh, Caofeng Pan, Long Lin, Ruomeng Yu,
Yan Zhang, Li Zheng, Zongxia Jiao, and Zhong Lin Wang*

Scavenging energy from the ambient environment is a prom-
ising approach for independent, sustainable, and wireless oper-
ation of self-powered systems.!!l To achieve optimum system
performance, energy harvesters with compact structure, high
power density, and long lifetime are highly desired. Since the
first piezoelectric nanogenerator (NG) was developed in 2006,
a series of great progresses have been made on energy scav-
enging at nanoscale with piezoelectric,13-%! triboelectric,”~ and
pyroelectricl'®!!l NGs. Combined with electrical rectification
and energy storage, some NGs with alternating current (AC)
signals have been demonstrated to drive self-powered nanosys-
tems.'271 Since such self-powered nanosystems will have wide
applications in different areas and circumstances, such as wire-
less sensor networks,!'>1% electrochemical reaction,'”) and
chemical sensors,?%2! it is highly desirable to develop more
types of generators based on vastly different mechanisms to
meet the demands of different operating conditions. Taking
the biomedical applications as an example, micro/nanofluidic
systems have been widely utilized in biosensors,??! biomedical
diagnostics,?3) and DNA analysis,?¥ where conventional NGs
are less effective for energy harvesting from the flowing fluid.
Herein, we demonstrated a streaming potential/current-
based microfluidic generator (MFG), for converting the hydro-
energy of fluid into continuous electrical output. The streaming
potential/current phenomenon has been reported for energy
conversion>~?"l and detection of flow velocity and solution con-
centration.?®-3% Generally, there are two types of fluid channels
for streaming potential/current generation. One is the micro/
nanochannel without inner structure; while, the other is the
macroscopical channel with porous structure. Compared to
porous channel, the empty micro/nanochannel has quite little
power output because of its small contact area between liquid
and solid. Thus, to enhance its output, we proposed an MFG
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with a new channel filled with quasi-porous patterns for larger
power generation. Different from conventional porous mate-
rials, the shape and dimension of the patterns can be precisely
designed and fabricated, which benefit the quantification of
MFG. The MFG has a constant current output, which is inde-
pendent of its external load. It can provide a continuous current
output of =1.75 nA, when the potassium chloride (KCl) solution
with a concentration of =1 pM flows through the device with a
flow rate of 0.4 mL min~'. Furthermore, we creatively demon-
strated a self-powered fluid-sensor system by utilizing the MFG
to power a single-nanowire (NW)-based pH sensor. Through
integration of the MFG and nanosensor into a conventional
micro/nanofluidic system, a self-powered lab-on-chip system
can be potentially achieved, which should inspire the research
area in biology, medicine, and analytical chemistry. As for the
MFG, we demonstrated in this paper for the self-powered
system, there are three key advantages in the design. Firstly,
the soft lithography technology employed to fabricate the quasi-
porous flow channel for the MFG helps to realize the easy and
precise fabrication and replication of the device in large quan-
tity. Secondly, every part in the device remains stationary during
the electricity generation process so that the MFG has small
size, simple structure, and high reliability. Moreover, different
from conventional strain-based generators, the proposed MFG
supplies a continuous direct current (DC) output. Therefore, it
can directly drive other devices with no need of electrical recti-
fier and energy storage units, which could significantly reduce
the size, cost, and energy loss of self-powered systems. Thus,
our MFG is an outstanding example of self-powered nanotech-
nology for applications in biological sciences, environmental
monitoring, defense technology, and even personal electronics.
The MFG consists of two chief components, a microfluidic
chip and a pair of electrodes. The microfluidic chip with a micro
channel is the most important part, determining the performance
of the MFG. To increase the contact area between the liquid solu-
tion and the channel walls, a patterned micropillar array was
designed in the channel to form a quasi-porous structure, as
shown in Figure 1. Soft lithography technology?®! was employed
to fabricate the microchannel, which is shown in Figure 1A.
Firstly, an Si mold with desired patterns was fabricated and
silanized before utilization. The silanization of Si prevents the
adhesion with PDMS. Then, the PDMS prepolymer was casted
onto the mold and got thermally cured under heating. In this
manner, the patterned microchannel on the mold was printed
onto the PDMS replica. Then, the PDMS replica was peeled off
from the mold and tailored into the size of 20 mm in width and
35 mm in length. The channel locates in the center of the PDMS
replica surface, and it has a shape of quasi-strip with its two ends
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Figure 1. Fabrication and characterization of the microfluidic chip in MFG: A) fabrication of the microfluidic chip with soft lithography technology;
B) photo of the Si mold with designed structure; C) photo of the patterned PDMS replica; D) SEM images of the micropillar arrays on PDMS replica.
The inset shows a 30° tilted image with high magnification; and E) photo of the transparent microfluidic chip.

a little narrower than the middle. The micropattern covers the
entire middle region of the channel, forming a quasi-porous
structure. Two holes were punched at the two ends of the micro-
channel as the inlet and outlet. Finally, the PDMS replica was
bonded onto a glass slide via oxygen plasma treatment. The as-
fabricated Si mold and PDMS replica are shown in Figure 1B and
1C, respectively. Figure 1D shows a scanning electron microscopy
(SEM) image of the micropattern in the channel. The micropillar
array is uniform and regular across a large area, with the pillar’s
diameter of =18 pm and an interval of 50 pm. The entire micro-
fluidic chip is transparent, with its photo given in Figure 1E. Such
soft-lithography method is very economic, repeatable, and stable,
and thus hundreds of PDMS replica can be produced using only
one Si mold following the above process.3!

The fabrication of this MFG was finished by mounting
electrodes into the punched holes on the chip. As depicted in
Figure 2A, two tubular electrodes were plunged into the holes.
The tubular electrodes not only serve as conductor for charge
collection, but also as the fluid inlet and outlet of the micro-
channel. In this research, the working fluid mainly used was

B

1 pM KCl aqueous solution (but not limited to). Driven by a
syringe pump, the KCl solution runs through the MFG from
the inlet to the outlet, via the porous structure in between. As
shown in Figure 2B, once the KCl solution contacts the porous
structure and inner walls of the PDMS replica, their interface on
PDMS gets negatively charged via contact electrification. To keep
the overall charge neutrality at interface between the PDMS sur-
face and KCI solution, the negatively charged PDMS walls will
attract cations, namely K* in this work, but exclude anions (CI)
in the solution, and the electrical double layer (EDL) is formed.
In such a region, the charge neutrality of the solution is violated
due to the presence of the EDL. When the solution flows under
pressure, the transportation of K* ions in EDL along with the
flow gives lead to a net positive charge transport, known as the
streaming current (I;). Meanwhile, the induced electric field
created by the resulting polarization of charge distribution along
the flowing axis leads to a streaming potential (Vy,).?*3? As illus-
trated in the bottom of Figure 2B, V,, increases with the larger
flow displacement. Thus, there is a potential difference between
the two electrodes of MFG. The potential difference drives elec-
trons in the external circuit to move unidirec-

® « tionally and continuously, which leads to the

® DC conduction current (I ;) of this MFG.

e~ )
)

l Inlet Outlet

\ Tubular /

Electrodes

Varr |

Output

@ poms The electrical output performances of
(7 electrode  the MFG were investigated experimentally.
& o As shown in Figure 3A, when the syringe

pump was turned on, a constant open-circuit
voltage output of the proposed MFG was
measured, which is =0.16 V at a flow rate of
0.4 mL min~'. When the pump was turned
off, the voltage output gradually decayed

Figure 2. Schematics of the MFG: A) schematic of experiment apparatus and B) operating

principle of the MFG.
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to disappear. Figure 3B shows that the
corresponding short-circuit current output of
this device is =1.75 nA under the same oper-
ating conditions as in Figure 3A. Also, both
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direction, the current output is positive and
changes in the same trend with the flow
rate. The plot of the current output versus
flow rate input in the inset of Figure 4C
indicates that the dependence of the current
on the flow rate is almost linear. When the
flow direction was reversed (represented as
negative flow rate), the opposite result was
obtained in Figure 4D. This set of results also
clearly indicates that the proposed MFG has
the potential to be utilized as an active flow
rate sensor, with no need of external power
supply.

The performance dependence of the MFG
was further investigated. Figure 5A depicts
the ion effect on the current output of the
MFG. Three kinds of solutions, including
Li*, Na*, and K' ions respectively, were
selected as the working fluid. However, there
is no apparent difference among the device
current outputs, which show the good solu-
tion compatibility of the MFG. The solution

6484  wileyonlinelibrary.com

Figure 3. Electrical characteristics of the MFG: A) open-circuit voltage output; B) short-circuit
current output; C) forward and reverse current outputs when flow direction is forward; and

D) forward and reverse current outputs when flow direction is reversed.

the voltage and current outputs are steady during different on—
off cycles. To verify that the electrical outputs are generated by
the MFG rather than the measurement system, the switching-
polarity test was carried out.’*l As shown in Figure 3C, a posi-
tive current output was observed when the outlet electrode of
the MFG was connected to the positive probe of the ammeter
(which is defined as forward connection), while the output was
negative under the reversed connection. Meanwhile, when the
fluid’s flow direction was reversed, the opposite results were
acquired as shown in Figure 3D. All of the above results con-
firm that the electricity was generated by the proposed MFG. To
validate the performance of the MFG, a stability test was carried
out for 7 d. As shown in Figure S1 (Supporting Information),
no apparent performance degradation was observed during this
period, which verified the good durability of the MFG.
Depending on the ion movement in the solution, the MFG
gives a constant current output at steady state. To validate
this characteristic, the MFG was connected to an external
load of adjustable resistance (R,). With the circuit diagram in
Figure 4A, the current and voltage outputs were simultaneously
measured. During the experiment, R, was increased from 0
to 8 MQ with a step of 2 MQ. As depicted in Figure 4B, the
current output remained a constant value with the variation
of resistance, which demonstrates the MFG’s nature as a con-
stant current power source. And the voltage output rose from
0 to 12 mV proportionally with the increase of the resistance,
consistent with the Ohm’s law. The dependence of the short-
circuit current on the flow rate was also studied. The flow rate
input of the MFG was firstly increased from 0 to 0.4 mL min™
with a step of 0.1 mL min™, and then decreased back to 0 with
a step of 0.4 mLmin". As illustrated in Figure 4C, when both
of the flow direction and electrical connection are at forward

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

concentration is a key factor for the MFG
output. As indicated in Figure 5B, with the
increase of KCl concentration, the current
output is approximately constant at first
when the KCI concentration is low (<10 pM),
and then dramatically drops at higher concentration. When the
concentration is 10 uM, the output reaches a maximum value
of =2.45 nA. The MFG with DI water as working fluid was also
tested as in Figure S2 (Supporting Information). Electrical out-
puts were also observed because of the presence of H* in DI
water. However, the results are poorer than that using KCl solu-
tion, due to the high ion mobility of H*-induced power dissipa-
tion.?] Figure 5C shows the size effect of the micropatterns.
With the increase of the diameters of micropillars, the current
outputs increase proportionally, resulting from the linear aug-
ment of the contact area between fluid and channel. Besides
micropillars, different shapes of the patterns were also fabri-
cated to discuss the structure effect, including microtriangular
prism and microquadrangular prism. As shown in Figure 5D,
the micropillars with a diameter of 6 pm result to a similar
output as the microtriangular prism with an edge length of
8 pm, which is =1 nA. The reason is that both structures have
similar contact area. Similarly, the micropillars with diameter
of 18 pm lead to the similar output as the microquadrangular
prism with an edge length of 18 pm, reaching =2.5 nA.
Compared with conventional micro/nanogenerators with
pulse outputs, the MFG which can provide a continuous DC
output is particularly suitable to be employed in a self-powered
system. No need to be rectified and/or stored, the electricity
generated by the MFG can drive electronics directly and con-
tinuously, so that the system’s cost, size, and energy loss are
reduced significantly. NW based sensors have high sensitivity,
small size and low power consumption.?*3¢ Utilizing the
MFG to power a NW based sensor, we demonstrated a self-
powered nanosensor system as in Figure 6A. A single ZnO
NW-based pH sensor was driven by the MFG to detect the
pH values of different solutions. The ZnO NW was bonded
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Figure 4. Determinants of the current output of the MFG: A) circuit diagram for voltage—current output measurements; B) voltage—current outputs of
the MFG; C) short-circuit current output under forward flow direction. The inset shows forward-flow-rate versus current; and D) short-circuit current
output under reverse flow direction. The inset shows the reverse-flow-rate versus current.

onto the substrate by sliver paste at its two ends, with epoxy
totally covering the electrodes. The photo and optical micros-
copy image of this single-NW-based nanosensor are shown
in the insets of Figure 6B. A voltmeter was utilized to detect
the voltage across the nanosensor (as shown in Figure 6A). In
this experiment, the nanosensor was put into different buffer
solutions to detect their pH values. The change of pH results
in a variation of the electrical conductivity of the ZnO NW. As
stated above, since the MFG is a constant current source, the
voltage across the NW will change under different pH values,
which is in accordance with the result in Figure 4B. Figure 6B

Adv. Mater. 2015, 27, 6482-6487
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depicts the voltage across the NW based pH sensor. The voltage
is about 22 mV when pH = 12. When the pH value is decreased
to 5, the voltage output increases sharply to 65 mV. The result
is repeatable and stable. After the systematical calibration, such
MEFG-driven self-powered pH-sensor system has a great poten-
tial to be incorporated into conventional micro/nanofluidic sys-
tems for real-time measurement and monitoring, which should
inspire great research interests in biology, medicine and ana-
lytical chemistry.

In summary, we demonstrated a streaming potential/cur-
rent based microfluidic DC generator, which has a patterned
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Figure 5. Performance dependence of the MFG: A) electrical characteristics of the MFG with different monovelent ion, i.e., Li*, Na*, and K* solutions.
The concenretion of monovelent ion solutions were =1 M and the flow rate was 0.1 mL min™'; B) dependence of the short-circuit current on KCI con-
centration; C) short-circuit current output of MFG with different diameter of micorpillars, i.e., D=6, 18, and 28 pm. MFG without micropattern, namely
flat PDMS, was also performed as the reference; D) short-circuit current output of MFG with different structure of micropatterns, i.e., microtriangular
prism (=8 pm) and microquadrangular prism (=18 pm). All of Data points are averaged under three independent tests, and the error bars indicate the
average standard deviation for all points. The concentration of KCl solution was 1 pM and the flow rate was 0.1 mLmin™".

micropillar array as the porous flow channel. The MFG converts
mechanical energy from microfluid into continuous electrical
output. With the magnitude of the current output not affected by
external load, the MFG is a constant current source. It can pro-
vide a continuous current output of =1.75 nA for a KCl solution
with a concentration of =1 pM and flow rate of 0.1 mL min™".
Such microfluidic DC generators have the advantages of simple
structure, long lifetime and low system cost. Moreover, it can be
easily replicated using the soft lithography technology. For the
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PH Solutions

VAR
Electrode Epoxy

NW

purpose of building a self-powered system, the MFGs can be
utilized to directly drive the continuous operation of electronic
devices, due to its nature of the DC output. In this manner, a
self-powered nanosensing system is demonstrated with the
MEG as the power source for a single ZnO NW based pH
sensor. By integrating the proposed MFG and nanosensor into
the conventional micro/nanofluidic system, a self-powered lab-
on-chip system can be expected, which should have wide appli-
cations in biology, medicine and analytical chemistry.
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Figure 6. Schematic and test of the MFG based self-powered pH-sensor system: A) schematic of the self-powered nanosensing system; B) voltage
output of the system. The insets show the single-NW-based pH sensor. Left: photo of the sensor. Right: optical microscopy image of the ZnO NW

(length of the scale bar is 100 pm).
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